REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 


1.  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 


September  2000 


4.  TITLE  AND  SUBTITLE 


Microwave  Photonics  2000 


Conference  Proceedings 


5.  FUNDING  NUMBERS 


F61 775-00-WF077 


6.  AUTHOR(S) 


Conference  Committee 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Institution  of  Electrical  Engineers  (I EE) 

Savoy  Place 
London  WC2R  OBL 
United  Kingdom 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
EOARD 

PSC  802  BOX  14 
FPO  09499-0200 


10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 

CSP  00-5077 


12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited. 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  words) 

The  Final  Proceedings  for  Microwave  Photonics  2000,  1 1  September  2000  - 13  September  2000 
This  was  an  interdisciplinary  conference.  Topics  include: 

I  Devices,  Components  and  Techniques 

Ultra-fast  iasers  and  detectors,  ultra-fast  optical  modulators,  microwave  and  millimeter-wave  modulated  optical  signal 
generation  techniques,  analogue  optical  fiber  links,  optically  controlled  microwave  devices,  optical  signal  processors, 
ultra-fast  optical  probing  and  measurements,  high-speed  optical  analogue  to  digital  conversion,  hybrid  and  chip  level 
integration  of  photonic  devices  and  circuits,  microwave  photonic  device  and  circuit  modeling. 

II  Systems  and  Applications 

Fiber-fed  wireless  and  cellular  radio  systems,  optical  control  of  array  antennas,  sub-carrier  multiplexed  and  CATV 
systems,  optically  generated  terahertz  techniques  and  applications,  satellite-based  application,  microwave  aspects  of 
digital  optical  fiber  communication  systems,  system  design  and  modeling,  packaging,  practical  realization  and  field 
trials,  novel  microwave  photonic  systems  and  applications 


15.  NUMBER  OF  PAGES 
262 


16.  PRICE  CODE 


20.  LIMITATION  OF  ABSTRACT 


14.  SUBJECT  TERMS 

EOARD,  Electromagnetics,  Photonics,  Microwave  source 

17.  SECURITY  CLASSIFICATION 

18.  SECURITY  CLASSIFICATION 

19,  SECURITY  CLASSIFICATION 

OF  REPORT 

OF  THIS  PAGE 

OF  ABSTRACT 

UNCLASSIFIED 

UNCLASSIFIED 

UNCLASSIFIED 

NSN  7540-01-280-5500 


dtio  QUALnT  mimmmm  4 


20010108  024 


Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  239-18 
298-102 


Technical  Digest 


Microwave 

Photonics 


o 

o 

Oxford  CM 


11-13  September 


Technical  Digest 
International  Topical  Meeting  on 

Microwave 
Photonics 
MWP  2000 


11-13  September  2000 
St.  John’s  College, 
Oxford,  UK 


DISTRIBUTION  STATEMENT  A 

Approved  for  Public  Release 
Distribution  Unlimited 


IEE 


INTERNATIONAL  TOPICAL  MEETING  ON 


MICROWAVE 
PHOTONICS 
MWP  2000 


11-13  September  2000 


St.  John’s  College,  Oxford,  UK 

Organised  by: 

Institution  of  Electrical  Engineers 

Co-sponsored  by: 

IEEE  Lasers  and  Electro-optics  Society 
IEEE  Microwave  Theory  and  Techniques  Society 


We  wish  to  thank  the  following  for  their  contribution  to  the  success  of  this  conference: 

European  Office  of  Aerospace  Research  and  Development, 

Air  Force  Office  of  Scientific  Research, 

United  States  Air  Force  Research  Laboratory. 


CORNING 


Corning 


C 

SDL 


SDL  Integrated  Optics  Ltd 


Agilent  Technologies 

Innovating  the  HP  Way 


Agilent 


arcom 


^''asweli  Technology 


Marconi  Caswell  Ltd 


f\Q 


I 


International  Topical  Meeting  on 

Microwave  Photonics,  MWP  2000 

11-13  September  2000. 

St.  John’s  College,  Oxford,  UK 

The  papers  in  this  book  comprise  the  technical  digest  of  the  International  Topical  Meeting  on 
Microwave  Photonics  -  MWP2000.  They  reflect  the  authors’  opinions  and  their  inclusion  in  this 
publication  does  not  necessarily  constitute  endorsement  by  the  organisers  or  the  IEEE. 

Copyright  and  reprint  permission:  Abstracting  is  permitted  with  credit  to  the  source.  Libraries  are 
permitted  to  photocopy  beyond  the  limit  of  US  Copyright  law  for  private  use  of  patrons  those  articles 
in  this  volume  that  carry  a  code  at  the  bottom  of  the  first  page,  provided  the  per-copy  fee  indicated 
in  the  code  is  paid  through  the  Copyright  Clearance  Center,  222  Rosewood  Drive,  Danvers,  MA 
01923.  For  other  copying,  reprint  or  republication  permission,  write  to  IEEE  Copyright  Manager, 
IEEE  Operations  Center,  445  Hoes  Lane,  P  O  Box  1331,  Piscataway,  NJ  08855-1331.  All  rights 
reserved.  Copyright  ©2000  by  the  Institute  of  Electrical  and  Electronics  Engineers,  Inc 


IEEE  Catalog  Number  00EX430 
ISBN  0-7803-6455-4  (Softbound) 
Library  of  Congress  Number  00-03672 


Additional  Copies  of  this  publication  are  available  from: 

IEEE  Service  Centre 
445  Hoes  Lane 
Box  1331 

Piscataway,  NJ  08855-13331 
Tel  (+1)  908  981  0060 
Fax  (+1)  908  981  1721 


Printed  in  Great  Britain  by  Formara  Ltd.,  Southend-on-Sea,  Essex. 


MWP2000  COMMITTEES 


CONFERENCE  CHAIRMAN 

Professor  Alwyn  Seeds 

Dept,  of  Electronic  and  Electrical  Engineering,  University  College  London,  UK.  aseeds@ee.ucl.ac.uk 

CONFERENCE  CO-CHAIRMAN  AND  CHAIRMAN  OF  TECHNICAL 
PROGRAMME  COMMITTEE 

Professor  Dieter  Jaeger 

Gerhard  Mercator  University,  Germany.  D.Jaeger@OE.Uni-Duisburg.de 

CHAIRMAN  OF  MWP  2000  ORGANISING  COMMITTEE 

Dr  Phil  Lane, 

Dept,  of  Electronic  and  Electrical  Engineering,  University  College  London,  UK 
p.lane@picard.ee.ucl.ac.uk 

STEERING  COMMITTEE 

Dalma  Novak,  Australian  Photonics  CRC,  Australia  (Chair) 

Charles  Cox,  MIT,  USA 

Nadir  Dagli,  UCSB,  USA 

Ronald  Esman,  Navel  Research  Lab,  USA 

Peter  Herczfeld,  Drexel  University,  USA 

Dieter  Jaeger,  Gerhard  Mercator  University,  Germany 

Baheim  Jalali,  University  of  California,  USA 

Chi  Lee,  University  of  Maryland,  USA 

Robert  Leheny,  DARPA,  USA 

Mitsuru  Naganuma,  Teikyo  University  of  Science  &  Technology,  Japan 

Hiroyo  Ogawa,  CRL,  Japan 

Alwyn  Seeds,  University  College  London,  UK 

Masahiro  Tsuchiya,  University  of  Tokyo,  Japan 

Paul  Yu,  University  of  California,  USA 

TECHNICAL  PROGRAMME  COMMITTEE 

Dieter  Jaeger,  Gerhard  Mercator  University,  Germany  (Chair) 

Masahiro  Akiyama,  Oki  Electric  Industry  Co.,  Ltd,  Japan 
Arne  Alping,  Ericsson  Microwave  Systems  AB,  Sweden 
Paul  Biemacki,  Naval  Research  Laboratory,  USA 
Charles  Cox,  Massachusetts  Institute  of  Technology,  USA 
Nadir  Dagli,  University  of  California,  USA 
Phil  Davies,  University  of  Kent,  UK 
Didier  Decoster,  IEMN,  France 
Hans-Jorg  Haisch,  Alcatel  SEL,  Germany 

Keizo  Inagaki,  ATR  Adaptive  Communications  Research  Laboratories,  Japan 

Tadao  Ishibashi,  NTT  Photonics  Laboratories,  Japan 

Ken-ichi  Kitayama,  Osaka  University,  Japan 

Robert  Minasian,  The  University  of  Sydney, Australia 

John  Payne,  National  Radio  Astronomy  Observatory,  USA 

Alwyn  Seeds,  University  College  London,  UK 

Michael  Wale,  Caswell  Technology,  UK 

Paul  Yu,  University  of  California,  USA 

ORGANISING  COMMITTEE 

Phil  Lane,  University  College  London,  UK 
Joe  Attard,  University  College  London,  UK 
Izzat  Darwazeh,  UMIST,  UK 
John  Mitchell,  University  College  London,  UK 
Dave  Wake,  University  College  London,  UK 


TABLE  OF  CONTENTS 


List  of  Authors 


xvi 


CONTENTS 

Monday,  11  September  Page  No. 

11.00  hrs  Registration  opens 
13.00  hrs  Lunch 

14.00  hrs  Welcome/Introductory  Remarks 

A  J  Seeds  (UCL)/  D  Jaeger  (Gerhard  Mercator  University)/ 

P  M  Lane  (UCL) 

14.10  hrs  Session  MOl 

Photonic  Systems  for  Antennas  I 

Co-Chairmen:  C  H  Cox  (MIT/Photonic  Systems  Inc.)  / 

M  L  Van  Blaricum  (Toyon  Corpn.) 

Invited 

MOl.l  Recent  progress  in  dipersion-based  photonic  beamforming  1 

P  J  Matthews  and  P  D  Biernacki, 

Naval  Research  Laboratory,  USA 

Invited 

MO  1.2  BEAMTAP  beam  forming  using  a  traveling  fringes  detector  5 

G  Kriehn,  G  S  Pati,  PEX  Silveria,  F  Schlottau  and  K  Wagner, 

University  of  Colorado,  USA 
D  Dolphi  and  J  P  Huignard,  Thomson  CSF,  France 

Invited 

MO  1.3  A  brief  history  of  photonic  antenna  reconfiguration  9 

M  L  Van  Blaricum 

Toyon  Research  Corporation,  USA 

MOl. 4  Range  demonstration  of  a  reconfigurable  fiber-optic  13 

time-steered  2D  transmit  beamformer 

D  A  Tulchinsky  and  P  J  Matthews 
Naval  Research  Laboratory,  USA 

Invited 

MO  1.5  Broadband  nulling  for  conformal  phased  array  antennas  17 

using  photonic  processing 

H  Zmuda 

University  of  Florida,  USA 
E  N  Toughlian,  ENSCO  Inc.,  USA 
PM  Payson,  AFRL/SNDR,  USA 


Page  No. 

16.10  hrs  Refreshment  break 

16.30  hrs  Special  Session  M02 

Photonic  Systems  for  Antennas  II 

Co-Chairmen:  C  H  Cox  (MIT/  Photonic  Systems  Inc.)  /ML  Van  Blaricum 
(Toy on  Corpn.) 

Invited 

M02.1  Technologies  for  optically  controlled  phased  array  antennas 

M  J  Wale 

Caswell  Technology,  UK 
Invited 

M02.2  Photonic  chip  for  steering  a  four  element  phased  array  antenna  20 

J  Stulemeijer,  D  H  P  Maat  and  K  Smit 
Delft  University  of  Technology,  The  Netherlands 
R  van  Dijk  and  F  E  van  Vliet, 

TNO-Physics  and  Electronics  Laboratory,  The  Netherlands 

M02.3  Phased  array  antenna  beamforming  using  a  micromachined  23 

silicon  spatial  light  modulator 

R  A  Wilson,  P  Sample,  A  Johnstone  and  M  F  Lewis 
DERA,  UK 

Invited 

M02.4  Efficient  optical  control  of  microwave  circuits,  antennas  27 

and  arrays 

J  Vian  and  Z  Popovic 
University  of  Colorado,  USA 

18.05  hrs  Close  of  session 

18.30  -  19.30  hrs  Welcome  drinks  reception 

(Followed  by  a  free  evening) 


Tuesday,  12  September 

08.30  hrs  Session  TUI 

Fibre  Radio  Networks 

Chairman:  K  Kitayama  (Osaka  University) 

TU1.1  400  Mbit/s  BPSK  data  transmission  at  60  GHz-band  mm-wave  31 

using  a  two-mode  injection-locked  Fabry-Perot  slave  laser 

M  Ogusu,  K  Inagaki  and  Y  Mizuguchi 

ATR  Adaptive  Communications  Research  Laboratories,  Japan 


(Not 

Available) 


vi 


TUI. 2 

TU1.3 

TU1.4 

TUI. 5 

TUI. 6 

10.30  hrs 
11.00  hrs 

TU2.1 

TU2.2 

TU2.3 


Radio  on  fiber  system  for  triple  band  transmission  in 
mobile  cellular  communication 

Y  Ito  and  Y  Ebine 

NTT  DoCoMo  Inc.,  Japan 

Penalty  free  W-CDMA  radio  signal  transmission  over  fibre 

R  E  Schuh,  B  Verri  and  E  Sundberg 
Telia  Research  AB,  Sweden 
D  Wake,  BT,  UK 

Error-free  transmission  of  radio  QPSK  signals  in  an  optical 
subcarrier  multiple  access  system  suppressing  optical  beat 
interference  with  over-modulation 

I  Seto,  T  Tomioka  and  S  Ohshima 
Toshiba  Corporation,  Japan 

Optical  subcarrier  multiplexing  system  using  time  sampling 
multiplexer  to  suppress  optical  beat  interference 

Y  Shoji  and  H  Ogawa 

Ministry  of  Posts  and  Telecommunications,  Japan 

Impact  of  Optical  Crosstalk  in  Fibre-Radio  Systems 
incorporatingWDM 

D  Castleford,  A  Nirmalathas  and  D  Novak 

Australian  Photonics  Cooperative  Research  Centre,  Australia 

Refreshment  break 

Session  TU2 

Microwave  Photonic  Devices 

Chairman:  D  Decoster  (IEMN) 

Invited  paper 

Optical  control  of  millimetre-wave  p-HEMTs  with 
applications  to  fibre  radio 

S  Iezekiel  and  N  Bourhill 
University  of  Leeds,  UK 

Signal  to  noise  ratio  enhancement  using  heterojunction 
bipolar  phototransistor  by  base  current  compensation 

S  Dupont,  M  Fendler,  F  Jorge,  S  Maricot,  J-P  Vilcot  and  D  Decoster 
Universite  des  Sciences  et  Technologies  de  Lille,  France 

A  two  heterojunction  bipolar  photo-transistor  configuration 
for  millimeter  wave  generation  and  modulation 

J  Lasri,  A  Bilenca,  G  Eisenstein,  D  Ritter,  M  Orenstein,  V  Sidorov, 

S  P  Goldgeier  and  S  Cohen  TECHNION,  Israel 

vii 


Page  No, 
35 

39 

43 


47 

51 


55 

59 

62 


Page  No. 

TU2.4  Multiple  quantum  well  asymmetric  Fabry-Perot  modulators  66 

for  RF-over- fibre  applications 

R  I  Killey,  J  B  Song,  C  P  Liu  and  A  J  Seeds, 

University  College  London,  UK 

J  S  Chadha,  M  Whitehead,  P  Stavrinou  and  G  Parry,  Imperial  College, 

London,  UK. 

C  C  Button,  University  of  Sheffield,  UK 

TU2.5  Performance  of  the  electroabsorption  modulator  as  an  integrated  70 

optoelectronic  mixer  for  RF  frequency  conversion 

D  S  Shin,  G  L  Li,  W  S  C  Chang  and  P  K  L  Yu 
University  of  California,  USA 
C  K  Sun  and  S  A  Pappert, 

SPAWAR  Systems  Ctr.,  USA 

TU2.6  A  6  to  11  GHz  all-optical  image  rejection  microwave  downconverter  74 

S  J  Strutz  and  K  J  Williams 
Naval  Research  Laboratory,  USA 


13.05  hrs  Lunch 


14.00  hrs  Session  TU3 

Optically  Controlled  Antenna  Systems 

Chairman:  P  Biernacki  (Naval  Research  Laboratory) 

TU3.1  Photonic  true  time  delay  beamformer  demonstrator  for  an  78 

astronomical  array  antenna 

R  van  Dijk,  A  Roodnat  and  F  E  Vliet, 

TNO  Physics  and  Electronics  Laboratory,  The  Netherlands 
J  D  Bregman,  ASTRON,  The  Netherlands 

TU3.2  Photonic  differential  delay  beam  forming  network  for  phased-array  81 
antennas 

C  Belisle,  C  Delisle  and  J  Oldham 
Communications  Research  Centre,  Canada 

TU3.3  Broadband  beamforming  network  using  integrated  optic  RF  phase  85 
shifters 

A  Mitchell  and  R  B  Waterhouse 

Australian  Photonics  Cooperative  Research  Centre,  Australia 

TU3.4  Beam-steering  of  receiving  array  antenna  using  local  signal  89 

beamformer  by  optical  signal  processing 

T  Akiyama,  K  Inagaki  and  Y  Mizuguchi 

viii 


TU3.5 

TU3.6 

16.00  hrs 
16.25  hrs 

TU4.1 

TU4.2 

TU4.3 

TU4.4 

TU4.5 

TU4.6 


Page  No. 

A  novel  two-element  active  antenna  for  varying  the  direction  of  93 
microwave  radiation  by  optical  illumination 

Y  Ueno,  M  Katsuragi  and  Y  Yamamoto 
Osaka  Sangyo  University,  Japan 

Novel  photonically  controlled  antenna  for  MMW  communications  97 

G  W  Webb,  S  Angello,  W  Vernon,  M  Sanchez  and  S  C  Rose 
Innova  Laboratories,  Inc.,  USA 


Refreshment  break 

Session  TU4 

Microwave  to  Optical  Transduction 

Chairman:  N  Dagli  (University  of  California,  Santa  Barbara) 

Invited 

Fast  modulation  performance  of  uncooled  semiconductor  lasers  101 

R  V  Penty,  A  B  Massara,  M  Webster,  K  A  Williams  and  I  H  White 
University  of  Bristol,  UK 

Enhanced  direct  modulation  efficiency  by  FM  to  IM  conversion  105 

H  L  T  Lee  and  R  J  Ram 

Massachusetts  Institute  of  Technology,  USA 

O  Kjebon  and  R  Schatz 

Royal  Institute  of  Technology,  Sweden 

Integrated  tandem  electroabsorption  modulators  for  high  speed  109 
OTDM  applications 

V  Kaman,  Y-J  Chiu,  T  Liljeberg  and  J  E  Bowers 
University  of  California,  USA 
S  Z  Zhang,  Agilent  Technologies,  USA 

A  folded-path  GaAs  travelling-wave  modulator  for  phased-array  113 
receivers 

R  G  Walker  and  C  Edge 
Caswell  Technology,  UK 

Novel  optical  single-sideband  suppressed-carrier  modulator  using  a  117 
bidirectionally-driven  electro-optic  modulator 

A  Loayssa,  J  M  Salvide,  D  Benito  and  M  J  Garde 
Universidad  Publica  de  Navarra,  Spain 

Effect  of  pilot  tone  -based  modulator  bias  control  on  external  121 

modulation  link  performance 

E  I  Ackerman  and  C  H  Cox  III 
Photonic  Systems,  Inc.,  USA 


IX 


Page  No. 


18.30  hrs  Close  of  Session 

19.00  hrs  Session  PD 

Post-Deadline  Session 

Chairman:  P  K  Yu  (University  of  California,  San  Diego) 
20.00  hrs  Close  of  session 
20.00  for  20.30  Conference  dinner 


Wednesday,  13  September 

08.15  hrs  Session  WEI 

Microwave  Photonic  Links 

Chairman:  PA  Davies  (University  of  Kent) 

Invited 

WE1.1  Millimetre-wave  bandwidth  electroabsorption  modulators  and  125 

transceivers 

A  Stohr,  R  Heinzelmann  and  D  Jager 
Gerhard-Mercator-Universitat,  Germany 

WE1.2  Millimetre-wave  radio-over-fibre  transmission  using  an  optical  129 
injection  phase-lock  loop  source 

LA  Johansson  and  A  J  Seeds 
University  College  London,  UK 

WEI. 3  Dispersion  effects  of  optical  filter  in  DWDM  millimeter- wave  133 

fiber-radio  systems 

K  Kitayama,  T  Kamisaka  and  K  Onohara 
Osaka  University,  Japan 
W  Chujo,  MPT,  Japan 

WEI  .4  156/Mb/s  DPSK  optical  MM-wave  Transmission  employing  a  137 

60  GHz  optoelectronic  image  rejection  mixer 

Y  Ozeki,  K  Nishikawa*,  M  Kishi  and  M  Tsuchiya 

University  of  Tokyo,  Japan 

*presently  with  Fujitsu  Laboratories  Ltd. 

WEI. 5  Laser  phase  noise  free  optical  heterodyne  detection  technique  for  141 
60-GHz-band  radio-on-fiber  systems 

T  Kuri,  MPT,  Japan 
K  Kitayama,  Osaka  University,  Japan 


x 


WE1.6 

WE1.7 

10.40  hrs 
11.00  hrs 

WE2.1 

WE2.2 

WE2.3 

WE2.4 

WE2.5 

WE2.6 


Electronic  linearization  and  bias  control  for  externally 
modulated  fiber  optic  link 

B  Jalali  and  V  Magoon*,  University  of  California,  USA 
*  presently  with  Conexant  Systems,  USA 

Impact  of  ASE  on  phase  noise  in  LMDS  incorporating 
optical  fibre  backbones 

C  Lim,  A  Nirmalathas,  D  Novak  and  R  Waterhouse 
Australian  Photonics  Cooperative  Research  Centre,  Australia 

Refreshment  Break 

Session  WE2 
Poster  Session 

Chairman:  P  M  Lane  (University  College  London) 

A  study  of  doped  patch  and  dipole  antenna  arrays  with 
photonic  interactions 

D  S  Lockyer  and  J  C  Vardaxoglou 
Loughborough  University,  UK 
G  J  Ensell,  University  of  Southampton,  UK 

Investigations  in  microwave  optical  links  -  accent  on  QAM 

I  Frigyes,  A  Hilt  and  S  Csernyin 
Budapest  Technical  University,  Hungary 

Theoretical  consideration  on  transferring  transparency  for 
RF  signal  bandwidth  on  direct  optical  switching  CDMA 
radio-on-fiber  networks 

K  Kumamoto,  K  Tsukamoto  and  S  Komaki 
Osaka  University,  Japan 

Increasing  the  channel  number  in  WDM  MM-wave 
systems  by  spectral  overlap 

C  G  Schaffer,  M  Sauer,  K  Kojucharow  and  H  Kaluzni 
Dresden  University  of  Technology,  Germany 

Simultaneous  baseband  and  RF  modulations  scheme  in 
Gbit/s  millimetre-wave  wireless-fibre  networks 

V  Polo,  A  Martinez,  J  Marti,  F  Ramos,  A  Griol  and  R  Llorente 
Universidad  Politecnica  di  Valencia,  Spain 

An  integrated  fiber  optics  /  broadband  wireless  access 
demonstrator  for  the  next  generation  internet  (NGI) 
network  extension 

H  Izadpanah,  D  J  Gregoire,  F  A  Dolezal,  W  Ng,  D  Yap  and  G  Tangonan 
HRL  Laboratories,  USA 


Page  No 
145 


148 


152 


156 

160 


164 


168 


172 


XI 


WE2.7 


WE2.8 


WE2.9 


WE2.10 


WE2.11 


WE2.12 


WE2.13 


WE2.14 


An  optically  amplified  four-channel  WDM  downconverter  for 
wideband  microwave  receiver  applications 

S  T  Winnall,  K  L  Mahady,  D  B  Hunter  and  A  C  Lindsay 
Defence  Science  and  Tehnology  Organisation,  Australia 

Optical  upconversion  of  100  Mb/s  BPSK  microwave  subcarrier 
signals  using  an  unbalanced  mach-zehnder  interferometer 

G  Maury,  B  Cabon  and  J-F  Le  Bigot 
LEMO,  France 
A  Hilt,  BME-MHT,  Hungary 

Colliding  pulse  mode-locked  lasers  on  semi-insulating 
substrate  at  1.5jum 

H  K  Lee,  M  W  Street,  S  D  McDougall,  E  A  Avrutin, 

A  C  Bryce  and  J  H  Marsh 
University  of  Glasgow,  UK 

Dependence  of  semiconductor  laser  intermodulation 
distortions  on  fiber  length  and  its  reduction  by  optical 
injection  locking 

H-K  Sung,  Y-K  Seo  and  W-Y  Choi, 

Yonsei  University,  Korea 

Nonlinear  distortion  suppression  in  dual  parallel  analog 
modulation  of  DFB-LD 

H-D  Jung  and  S-K  Han 
Yonsei  University,  Korea 

Efficient  photoreceivers  for  millimetre-wave  cellular 
system  base  stations 

L  Gomez-Rojas,  X  Wang,  N  J  Gomes  and  PA  Davies 
University  of  Kent  at  Canterbury,  UK 

An  X-band  balanced  optical  hybrid  mixer  for  fi- wave  optical 
interconnect  in  active  phased  array  radar  and 
communication  systems 

S  K  Banerjee,  U  Goebel  and  P  Niichter 
DaimlerChrysler  Aerospace  AG,  Germany 

Experimental  demonstration  and  modelling  of 
optoelectronic  mixing  and  digital  modulation  in  a  single  InP 
photo  heterojunction  bipolar  transistor 

A  Bilenca,  J  Lasri,  G  Eisenstein,  D  Ritter,  M  Orenstein,  V  Sidorov, 

S  Cohen  and  P  Goldgeier 
TECHNION,  Israel 

xii 


Page  No. 
175 


179 


183 


186 


190 


194 


198 


203 


WE2.15 

WE2.16 

Withdrawn 

WE2.17 


WE2.18 

13.00  hrs 
14.00  hrs 

WE3.1 


WE3.2 

WE3.3 


High  frequency  and  broadband  signal  measurements  by 
ultrafast  opto-microwave  intermixing  and  sampling 

W-L  Cao,  M  Du  and  C  H  Lee 
University  of  Maryland,  USA 
N  G  Paulter,  NIST,  USA 

Effect  of  modulation  frequency  and  target  depth  on 
modulated  laser  line  scanner  performance  in  the 
Patuxent  River 

L  Mullen,  V  M  Contarino,  B  Concannon  and  A  Laux 
Naval  Aviation  Systems  Team,  USA 

Two-dimensional  field  mapping  of  microstrip  lines 
with  a  band  pass  filter  or  a  photonic  bandgap  structure  by 
fiber-optic  EO  spectrum  Analysis  System 

T  Ohara,  M  Abe,  S  Wakana,  M  Kishi  and  M  Tsuchiya, 

The  University  of  Tokyo,  Japan 
S  Kawasaki,  Tokai  University,  Japan 

Synthesis  of  optical  transversal  filter  with  tap  multiplexing 

G  Yu,  W  Zhang  and  JAR  Williams 
Aston  University,  UK 

Lunch  Interval 

Session  WE3 

Optical  to  Microwave  Transduction 

Chairman:  D  Jaeger  (Gerhard  Mercator  University) 

Velocity-matched  distributed  photodetectors  with 
p-i-n  photodiodes 

M  S  Islam,  T  Jung,  S  Murthy,  T  Itoh  and  M  C  Wu, 

University  of  California,  USA 
D  L  Sivco  and  A  Y  Cho 
Lucent  Technologies,  USA 

Photodiode  compression  due  to  current-dependent  capacitance 

K  J  Williams 

Naval  Research  Laboratory,  USA 
P  G  Goetz,  Sachs-Freemen  Associates,  USA 

A 120  -  GHz  integrated  photonic  transmitter 

T  Nagatsuma,  A  Hirata,  Y  Roy  ter  and  M  Shinagawa 
NTT  Telecommunications  Energy  Laboratories,  Japan 
T  Furuta,  T  Ishibashi  and  H  Ito 
NTT  Photonics  Laboratories,  Japan 

xiii 


Page  No. 
207 


210 


214 


217 


221 


225 


WE3.4 

WE3.5 

WE3.6 

16.00  hrs 

16.25  hrs 

WE4.1 

WE4.2 

WE4.3 

WE4.4 

WE4.5 


Monolothically  integrated  millimeter-wave  photonic  emitter 
for  60-GHz  fiber-radio  applications 

K  Takahata,  Y  Muramoto,  S  Fukushima,  T  Furuta  and  H  Ito 
NTT  Photonics  Laboratories,  Japan 


Photonic  modules  for  millimeter  wave  communication  systems 

A  C  Paolella  and  A  Bauerle 

Lockheed  Martin  Communications  &  Power  Centre,  USA 
A  M  Joshi,  Discovery  Semiconductors,  Inc.,  USA 


High  temperature  superconducting  MM-wave  photomixers 

C  J  Stevens,  D  J  Edwards 
Oxford  University,  UK 


Refreshment  Break 


Session  WE4 
Novel  Techniques 

Chairman:  A  J  Seeds  (University  College  London) 


Invited 

Optical  Processing  of  Microwave  signals 

J  Capmany,  D  Pastor,  B  Ortega  and  S  Sales 
Universidad  Politecnica  de  Valencia,  Spain 

Optical  transversal  filter  employing  high  birefringence 
fibre  bragg  gratings 

W  Zhang  and  JAR  Williams 
Aston  University,  UK 

A  photonic  wide  band  analog  to  digital  converter 

E  N  Toughlian,  ENSCO  Inc.,  USA 
H  Zmuda,  University  of  Florida,  USA 

Ultra-low  jitter  mode-locking  of  Er-fiber  laser  at  10  GHz  and 
its  application  in  photonic  anaiog-to-digital  conversion 

W  Ng,  R  Stephens  and  D  Persechini 
HRL  Laboratories,  USA 
K  V  Reddy,  Pritel  Inc.,  USA 

Shot-noise  limited  performance  from  an  EDFA/FA/brillouin 
hybrid  amplified  photonic  link 

S  J  Strutz  and  K  J  Williams 
Naval  Research  Laboratory,  USA 


Page  No. 
229 


233 


237 


241 

245 


248 

251 


255 


XIV 


WE4.6 


18.30  hrs 


Page  No, 

Optical  generation  of  rapidly  tunable  millimeter  259 

wave  subcarrier 

Y  Li,  A  J  C  Vieira,  P  Herczfeld,  A  Rosen  and  W  Janton 
Drexel  University,  USA 

Close  of  conference 


xv 


List  of  Authors 

Page  No. 


Abe,  M . 210 

Ackerman,  El . 121 

Akiyama,  T . 89 

Angello,  S . 97 

Avrutin,  E  A . 183 

Banerjee,  S  K . 198 

Bauerle,  A . 233 

Belisle,  C . 81 

Benito,  D . 117 

Biernacki,  P  D . 1 

Bilenca,  A . 62,  203 

Bourhill,  N . 55 

Bowers,  J  E . 109 

Bregman,  J  D . 78 

Bryce,  AC . 183 

Button,  C  C . 66 

Cabon,  B  . 179 

Cao,  W  . 207 

Capmany,  J . 241 

Castleford,  D . 51 

Chadha,  J  S  . 66 

Chang,  W  S  C . 70 

Chiu,  Y-J . 109 

Cho,  A  Y . 217 

Choi,  WY . 186 

Chujo,  W . 133 

Cohen,  S . 62,  203 

Cox  III,  C  H . 121 

Csernyin,  S . 156 

Davies,  PA . 194 

Decoster,  D . 59 

Dolezal,  FA . 172 

Dolphi,  D . 5 

Du,  M . 207 

Dupont,  S . 59 

Ebine,  Y . 35 

Edge,  C . 113 

Edwards,  D  L . 237 

Eisenstein,  G . 62,  203 

Ensell,  G  J . 152 


Fendler,  M . 59 

Frigyes,  1 . 156 

Fukushima,  S . 229 

Furuta,  T . 225,  229 

Garde,  M  J . 117 

Goebel,  U . 198 

Goetz,  P . 221 

Goldgeier,  P . 62,  203 

Gomes,  N  J . 194 

Gomez-Rojas,  L  . 194 

Gregoire,  D  J . 172 

Grid,  A . 168 

Han,  S  K . 190 

Herczfeld,  P . 259 

Hilt,  A . 156,  179 

Hirata,  A . 225 

Huignard,  J  P . 5 

Hunter,  D  B . 175 

Iezekiel,  S . , . 55 

Inagaki,  K . 31,  89 

Ishibashi,  T . 225 

Islam,  M  S . 217 

Ito,  Y . 35 

Ito,  H . 225,  229 

Itoh,  T . 217 

Izadpnah,  H . 172 

Jaeger,  D . 125 

Jalali,  B . 145 

Janton,  W . 259 

Johansson,  LA . 129 

Johnstone,  A . 23 

Jorge,  F . 59 

Joshi,  A  M . 233 

Jung,  T . 217 

Jung,  H  D . 190 


XVI 


Kaluzni,  H . 164 

Kaman,  V . . . 109 

Katsuragi,  M . 93 

Kawasaki,  S . 210 

Kennedy,  K  V . 

Killey,  R  I . 66 

Kishi,  M . 137,  210 

Kitayama,  K 1 . 133, 141 

Kjebon,  O . 105 

Kojucharow,  K . 164 

Komaki,  S . ...160 

Kriehn,  G . 5 

Kumamoto,  K . 160 

Kuri,  T . 141 


Lasri,  J . 

Le  Bigot,  J-F 

Lee,  H  K . 

Lee,  HLT.... 

Lee,  C  H . 

Lewis,  M  F... 

Li,  Y . 

Li,  G  L . 

Liljeberg,  T... 

Lim,  C . 

Lindsay,  A  C. 

Liu,  CP . 

Llorente,  R  ... 
Loayssa,  A... 
Lockyer,  D  S 


62,  203 

. 179 

. 183 

. 105 

. 207 

. 23 

. 259 

. 70 

. 109 

. 148 

. 175 

. 66 

. 168 

. 117 

. 152 


Murthy,  S . 

Nagatsuma,  T .. 

Ng,  W . 

Nirmalathas,  A 
Nishikawa  K..., 

Novak,  D . 

Nuchter,  P . 


. 217 

. 225 

172,  251 
..51, 148 

. 137 

..51, 148 
. 198 


Ogawa,  H . 47 

Ogusu,  M . 31 

Ohara,  T . 210 

Ohshima,  S . 43 

Oldham,  J . 81 

Onohara,  K . 133 

Orenstein,  M . 62,  203 

Ortega,  B . 241 

Ozeki,  Y . 137 


Paolella,  A  C. 
Pappert,  S  A 

Parry,  G . 

Pastor,  D . 

Pati,  G  S . 

Paulter,  N  G. 
Payson, P  M 
Penty,  R  V  ... 
Persechini,  D 

Polo,  V . 

Popovic,  Z... 


233 

,..70 

...66 

.241 

. 5 

.207 

...17 

.101 

.251 

.168 

...27 


Maat,  D  H  P . 20 

Magoon,  V . 145 

Mahady,  KL . 175 

Maricot,  S . 59 

Marsh,  JH . 183 

Marti,  J . 168 

Martinez,  A . 168 

Massara,  AB . 101 

Matthews,  PJ . 1,  13 

Maury,  G . 179 

McDougall,  S  D . . 183 

Mitchell,  A . 85 

Mizuguchi,  Y . 31,  89 

Muramoto,  Y . 229 


Ram,  R  J . 105 

Ramos,  F . 168 

Reddy,  KV . 251 

Ritter,  D . 62,  203 

Roodnat,  A . 78 

Rose,  S  C . 97 

Rosen,  A . 259 

Royter,  Y . 225 

Sales,  S . 241 

Salvide,  J  M . 117 

Sample,  P . 23 

Sanchez,  MS . 97 

Sauer,  M . 164 


XVII 


Schaffer,  C  G . 164 

Schatz,  R . 105 

Schlottau,  F . 5 

Schuh,  R  E . 39 

Seeds,  A  J . 66,  129 

Seo,  YK . 186 

Seto,  1 . 43 

Shin,  D  S . 70 

Shinagawa,  M . 225 

Shoji,  Y . 47 

Sidorov,  V . 62,  203 

Silveria,  P  E  X . 5 

Sivco,  D  L . 217 

Smit,  K . 20 

Song,  J  B . 66 

Stavrinou,  P . 66 

Stephens,  R . 251 

Stevens,  C  J . 237 

Stohr,  A . 125 

Street,  MW . 183 

Strutz,  S  J . 74,  255 

Stulemeijer,  J . 20 

Sun,  C  K . 70 

Sundberg,  E . 39 

Sung,  HK . 186 

Takahata,  K . 229 

Tangonan,  G . 172 

Tomioka,  T . 43 

Toughlian,  E  N . 17,  248 

Tsuchiya,  M . 137,  210 

Tsukamoto,  K . 160 

Tulchinsky,  D  A . 13 


Wagner,  K . 

Wakana,  S . 

Wake,  D . 

Wale,  M  J . 

Walker,  R  G . 

Wang,  X . 

Waterhouse,  R  B 

Webb,  G  W . 

Webster,  M . 

White,  I  H . 

Whitehead,  M.... 

Williams,  K  J . 

Williams,  JAR. 
Williams,  K  A.... 

Wilson,  R  A . 

Winnall,  ST . 

Wu,  M  C . 


. 5 

210 

...39 


. 113 

. 194 

. 85, 148 

. 97 

. 101 

. 101 

. 66 

74,  221,  255 

. 214,  245 

. 101 

. 23 

. 175 

. 217 


Yamamoto,  Y . 93 

Yap,  D . 172 

Yu,  P  K  L . 70 

Yu,  G . 214 

Zhang,  S  Z . 109 

Zhang,  W . 214,  245 

Zmuda,  H . 17,  248 


Ueno,  Y 


93 


van  Dijk,  R . 20,  78 

van  Vliet,  F  E . 20 

van  Blaricum,  ML . 9 

Vardaxoglou,  J  C . 152 

Vernon,  W . 97 

Verri,  B . 39 

Vian,  J . 27 

Vieira,  A  J  C . 259 

Vilcot,  J  P . 59 

Vliet,  FE . 78 


Welcome  to  Microwave  Photonics  2000 


On  behalf  of  the  Steering  Committee  for  Microwave  Photonics  and  the  Technical 
Programme  and  Organising  Committees  for  Microwave  Photonics  2000, 1  would  like  to  welcome 
you  to  Microwave  Photonics  2000.  This  Conference  will  be  the  tenth  in  the  series  and  it  is 
satisfying  to  see  how,  over  this  period,  Microwave  Photonics  has  become  a  flourishing  business 
area  as  well  as  an  exciting  field  for  interdisciplinary  research. 

This  year’s  Conference,  the  first  to  be  held  in  England,  is  organised  by  the  Institution  of  Electrical 
Engineers,  with  technical  co-sponsorship  from  the  IEEE  Microwave  Theory  and  Techniques  and 
IEEE  Lasers  and  Electro-optics  Societies.  We  have  also  received  excellent  support  from  our 
government  and  industrial  financial  sponsors,  the  US  Air  Force  Office  of  Scientific  Research,  SDL 
Integrated  Optics  Ltd.,  Agilent  Technologies  Ltd.,  Marconi  Caswell  Ltd.  and  Corning  Research 
Centre. 

The  programme  for  Microwave  Photonics  2000  commences  with  a  pair  of  special  sessions 
organised  by  Dr.  Charles  Cox  (MIT/Photonic  Systems  Inc.)  and  Dr.  Mike  Van  Blaricum  (Toyon 
Corpn.)  on  Photonic  Systems  for  Antennas  which  include  7  invited  papers.  There  then  follow  7 
regular  sessions  and  a  poster  session  spread  over  two  days  covering  the  full  range  of  activities  in 
microwave  photonics,  from  new  device  results  to  systems  experiments  in  broadband  fibre -radio. 
Included  in  these  sessions  are  a  further  4  invited  papers  and  56  contributed  papers  selected  by  the 
Technical  Programme  Committee  from  over  80  submissions  from  14  countries. 

In  addition  to  the  formal  technical  sessions  there  will  be  a  small  technical  exhibition  and  social 
events  including  a  Drinks  Reception  on  Monday  evening  and  a  Conference  Dinner  on  Tuesday 
evening,  immediately  following  the  Post-deadline  Papers  Session. 

All  Conference  events  will  be  held  within  the  beautiful  and  historic  surroundings  of  St.  John’s 
College,  Oxford,  and  I  hope  you  will  be  able  to  find  a  little  time  to  explore  this  remarkable  city 
during  your  visit. 

The  Technical  Programme  and  Organising  Committees  have  worked  hard  to  produce  a  programme 
reflecting  the  most  exciting  recent  developments  in  Microwave  Photonics.  We  look  forward  to 
your  participation  and  contribution  to  making  Microwave  Photonics  2000  a  success. 

Alwyn  Seeds 


Chairman  of  Microwave  Photonics  2000. 
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RECENT  PROGRESS  IN  DISPERSION-BASED  PHOTONIC  BEAMFORMING  (Invited) 

Paul  J.  Matthews  and  Paul  D.  Biemacki 

Naval  Research  Laboratory 
Code  5651,  Optical  Sciences  Division 
Washington,  DC  20375-5338 


I.  INTRODUCTION 

The  use  of  phased  array  antennas  has  increased 
rapidly  over  the  last  few  years  due  to  their  many 
advantages  over  more  traditional  fixed  or  mechanically 
steered  antennas.  Some  of  these  advantages  include  rapid 
beam  steering,  graceful  degradation  and  the  ability  to 
dynamically  shape  the  radiation  pattern.  The  increased 
flexibility  of  array  antennas  enables  the  realization  of 
more  complex  and  advanced  systems  where  an  aperture 
is  shared  for  many  simultaneous  functions.  Such 
realizations  are  not  possible  using  traditional  methods. 

Despite  the  increased  use  of  electronically  steered 
arrays  and  the  large  amount  of  research  into  this  area, 
most  systems  still  suffer  from  numerous  drawbacks. 
Some  of  the  more  generic  drawbacks  include  cost, 
complexity,  size,  weight  and  EMI  susceptibility. 
Limitations  in  microwave  signal  routing  and  devices  has 
prevented  the  implementation  of  multiple  beam  arrays. 
More  importantly,  the  reliance  on  microwave  phase 
shifters  for  beamforming  leads  to  a  bandwidth  limitation 
that  scales  with  the  size  of  the  array.  Thus,  the  current 
technology  is  not  compatible  with  the  future  needs  for 
larger,  more  powerful  and  wider  bandwidth.  Because  of 
these  limitations,  there  have  been  a  variety  of  efforts  over 
the  years  to  utilize  photonic  techniques  in  array 
applications  with  a  particular  emphasis  on  true  time- 
delay  (TTD)  beamforming  for  wide  instantaneous 
bandwidths. 

One  of  the  more  promising  techniques  for  TTD 
beamforming  has  been  the  use  of  optical  dispersion  as  a 
variable  delay  line.  The  concept  was  first  demonstrated  in 
[1],  Variations  have  been  proposed  or  demonstrated 
which  use  multiple  wavelength  sources  and  switching  in 
different  lengths  of  dispersive  fiber  [2]  or  by  using  a 
wavelength  tunable  laser  and  a  single  length  of  dispersive 
fiber  [3]. 

Here  at  the  Naval  Research  Laboratory  (NRL),  we 
have  extended  this  concept  by  implementing  a  fiber¬ 
optic,  “dispersive  prism”  [4].  In  this  technique,  a  single 
tunable  laser  is  fed  to  the  array  elements  or  subarrays 
each  of  which  has  an  amount  of  dispersion  proportional 
to  its  position  in  the  array.  The  resulting  dispersion 
gradient  is  then  translated  to  a  time  delay  gradient  by 
tuning  the  wavelength  of  the  laser.  The  dispersion  is 
implemented  using  highly  dispersive  optical  fiber.  This 
approach  is  efficient  and  simple. 

The  dispersive  prism  technique  has  been  used  to 
demonstrate  both  transmit  and  receive  operation  [4] 
which  has  shown  squint-free,  ±60°  azimuthal  steering 
over  an  instantaneous  bandwidth  of  2  to  18  GHz.  Two- 
dimensional  transmit  array  squint-free  steering  over  the 


full  ±45°  was  also  demonstrated  over  a  6  to  18  GHz 
instantaneous  bandwidth  [5].  Multiple,  independent, 
simultaneous  beams  have  also  been  shown  in  the  receive 
mode  [6]  as  has  operation  in  the  mm-wave  regime  [7] 
and  wideband  nulling  [8], 

In  this  paper,  we  will  describe  recent  efforts  at  NRL 
aimed  at  improving  the  dispersive  prism  beamformer 
concept.  The  goal  is  to  further  develop  the  concept  such 
that  it  may  be  transitioned  beyond  the  simple  field  test 
and  proof-of-concept  stage  to  a  truly  viable  wideband 
beamforming  system  for  both  military  and  commercial 
usage.  The  next  section  of  the  paper  will  discuss  issues 
related  to  the  use  of  chirped  fiber  gratings  as  opposed  to 
dispersive  fiber.  The  following  section  will  treat  the 
issues  of  the  tunable  laser  source  which  is  the  critical  to 
the  overall  system  performance.  Next,  recent 
demonstrations  of  an  architecture  designed  to  greatly 
simplify  the  two-dimensional  beamforming  problem  will 
be  presented.  This  will  be  followed  by  conclusions. 

II.  CHIRPED  FIBER  GRATINGS 

In  order  to  make  a  system  practical,  real  life  issues 
such  as  long-term  stability,  affordability  and 
reproducibility  must  be  addressed.  Many  times,  the 
critical  parameters  and  issues  necessary  to  effectively 
transition  a  system  are  not  obvious  in  a  laboratory 
setting.  The  dispersive  prism  beamformer  was 
successfully  field  tested  in  a  high-level  Navy 
demonstration  of  a  two-dimensional  transmit  array  [9]. 
The  beamformer  employed  highly  dispersive  fiber  as  the 
dispersive  element. 

Invaluable  knowledge  was  gained  from  this  exercise. 
Two  key  issues  emerged  from  the  demonstration,  both  of 
which  involved  the  use  of  high  dispersion  fiber.  The  first 
was  that  in  using  commercially  available  dispersion 
compensating  fiber  (D  ~  100  ps/nnrkm),  the  amount  of 
fiber  necessary  resulted  in  a  signal  latency  through  the 
beamformer  that  was  not  acceptable  for  certain  functions. 
The  second  issue  involved  the  temperature  stability  of 
such  long  lengths  of  fiber.  Due  to  the  lengths  involved  (> 
1  km),  active  temperature  stabilization  of  the  beamformer 
was  employed.  This  is  obviously  not  a  desirable  solution. 
The  temperature  stability  issues  may  be  mitigated  by 
proper  packaging  such  that  all  of  the  fibers  experience 
the  same  environment.  This  can  be  accomplished  through 
winding  of  all  fibers  on  a  single,  insulated  spool. 
Additional  thermal  testing  of  the  system  indicated  that 
even  this  approach  would  require  active  temperature 
stabilization.  Figure  1  shows  a  plot  of  the  time-delay  as  a 
function  of  temperature  for  equal  lengths  (~  270  m)  of 
high  dispersion  and  dispersion  compensating  fiber  used 
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in  [9],  It  is  readily  apparent  that  the  different  fiber  types 
exhibit  different  temperature  coefficients  due  to  changes 
in  the  waveguide  dispersion  of  the  fiber.  Thus,  for 
accurate  operation  over  a  large  range  of  operating 
temperatures,  some  degree  of  thermal  stabilization  is  still 
required. 


Figure  1 .  Time-delay  variation  with  temperature  for 
dispersion  shifted  and  high  dispersion 
fiber. 

Both  the  latency  and  the  need  for  thermal  control  of 
the  beamformer  prompted  investigations  into  the  use  of 
chirped  fiber  gratings  in  place  of  the  high  dispersion 
fiber.  Various  researchers  have  investigated  discrete  or 
chirped  fiber  gratings  as  the  time-delay  elements  in 
beamformers  [10].  Preliminary  investigations  at  NRL 
utilized  identical  gratings  in  a  shared  fashion  between 
time-delay  feeds  [11].  Subsequent  investigations  verified 
the  improved  temperature  stability  which  was  expected 
due  to  the  much  shorter  lengths  of  fiber  necessary  to 
achieve  the  necessary  time-delays.  Figure  2  shows 
temperature  stability  measurements  of  a  chirped  fiber 
grating  compared  to  an  equivalent  length  of  high 
dispersion  fiber.  Additionally,  fiber  gratings  may  be 
housed  in  temperature  insensitive  packages.  It  appears 
that  the  use  of  fiber  gratings  will  result  in  a  robust  system 
without  need  for  temperature  stabilization. 

Current  investigations  of  chirped  fiber  gratings  center 
about  the  achievable  time-delay  resolution. 
Measurements  on  many  identical  gratings  both  with  and 
without  apodization  indicate  a  minimum  practical  time- 
delay  resolution  of  ~  1  to  2  ps.  This  is  more  than 
sufficient  for  most  array  applications.  One  major 
difficulty  in  chirped  grating-based  approaches  is  the 
commercial  unavailability  of  long  gratings  (>  15  cm). 
This  limits  the  design  and  architecture  of  photonic 
beamforming.  In  efforts  to  avoid  this  problem,  we  have 
implemented  and  demonstrated  a  cascade  grating 
approach  which  will  be  discussed  further  in  section  IV. 

Another  issue  with  the  unavailability  of  long  gratings 
is  the  resultant  inability  to  properly  apodize  the  gratings 
for  minimum  amplitude  and  phase  ripple.  In  general,  a 
beamformer  will  require  a  grating  with  good  reflectivity 
(>  90%)  that  does  not  vary  appreciably  over  the  useable 


Figure  2.  Time-delay^fflfSffttW^IfH  temperature  for 
a  chirped  fiber  grating  and  high  dispersion 
fiber. 


bandwidth  which  may  be  ~  30  nm.  Proper  apodization 
(e.g.  raised  cosine,  Gaussian)  normally  requires  that  a 
substantial  portion  of  the  bandwidth  has  a  reflectivity  less 
than  that  which  is  desired.  Thus,  to  minimize  the  ripple, 
the  phase  mask  and  grating  should  be  many  times  longer 
than  the  desired  grating  further  reducing  the  available 
grating  length.  In  practice,  the  most  effective  apodization 
profiles  cannot  be  used.  The  impact  of  this  is  mostly 
evident  in  the  fine  ripple  structure  and  not  the  more 
macroscopic  time-delay  errors  mentioned  earlier. 


III.  RAPIDLY  TUNABLE  LASERS 


One  of  the  key  components  which  make  dispersion- 
based  beamforming  practical  is  the  ultra-fast  tunable 
laser.  Several  forms  of  tunable  lasers  are  available.  For 
most  beamforming  applications,  rapid  beam-steering  is  a 
critical  parameter.  This  places  severe  limits  on  the  choice 
of  tunable  lasers. 

For  our  systems  we  focus  primarily  on  a  commercial, 
tunable  Super  Structure  Grating  distributed  Bragg 
reflector  (SSG-DBR)  laser  [NTT  ref].  Functionally, 
Altitun,  Nortel  and  Lucent  also  produce  similar  devices. 
These  lasers  exhibit  an  inherent  fast  tuning  ability 
(nanosecond  speeds  demonstrated)  via  three  wavelength- 
control  currents  injected  into  the  rear  reflector,  front 


Figure  3.  Measurement  of  the  tuning  speed  of  an 

SSG-DBR  laser  with  a  high-speed  control 
circuit. 

reflector,  and  phase  control  regions  of  the  laser.  Since 
there  is  currently  no  commercially  available  driver 


2 


M01.1 


Doaras 


Figure  4.  Measurement  of  the  wavelength  change  of 
an  SSG-DBR  laser  due  to  aging. 

Corrections  to  the  control  currents  were 
applied  at  ~  125  hours. 

with  fast  switching  times,  a  mixed  analog/digital  high¬ 
speed  circuit  board  capable  of  driving  the  laser  was 
developed  and  fabricated.  The  board  allowed  wavelength 
tuning  of  >20  nm  with  0.1  nm  resolution  and  0.02  nm 
accuracy  and  demonstrated  access  times  of  <  500  ns. 
Figure  3  shows  circuit  board  controlled  laser  wavelength 
switching  speed  to  be  ~  450  ns. 

To  successfully  implement  the  digital  control  of  such 
a  laser,  an  in-house  developed  software  algorithm  was 
necessary  to  determine  the  currents  needed  for  each 
specific  wavelength  and  to  generate  the  look-up  table 
containing  the  rear,  front,  and  phase  control  currents 
[12].  Once  this  table  or  wavelength  map  is  generated,  the 
values  are  programmed  into  an  electrically 
erasable/programmable  read  only  memory  (EEPROM). 
After  programming,  the  board  accepts  differential  TTL 
driving  signals  to  load  the  desired  wavelength  and  to 
initiate  the  wavelength  switch,  thus  controlling  the  beam 
steering  direction. 

A  major  limitation  of  the  SSG-DBR  laser  was  a  slight 
degradation  or  aging  in  the  output  wavelength  over  time. 
As  aging  occurs,  the  output  wavelength  changes  by  either 
mode  hopping  or  drifting  with  no  change  in  the  input 
current  values.  A  new  wavelength  correction  algorithm 
was  implemented  to  correct  for  this  degradation.  After  an 
initial  input  current  to  output  wavelength  mapping,  only  a 
few  wavelengths  require  monitoring.  Measurements 
indicate  that  this  only  needs  to  be  performed  on  a  weekly 
or  monthly  basis  and  real-time  monitoring  is  not 
required.  These  selected  wavelengths  are  corrected  by 
using  a  software  feedback  control  loop  controlling  the 
injected  currents  and  carefully  monitoring  the  output 
wavelength.  The  algorithm  computes  a  new  vs.  old 
injected  current  relationship  to  desired  output  wavelength 
to  generate  a  linear  relationship  that  is  applied  to  correct 
ALL  of  the  wavelengths  simultaneously.  This  is  possible 
since  the  initial  mapping  of  the  laser  provides  the  general 
relationship  of  input  current  vs.  output  wavelength  and 
this  relationship  is  maintained  over  time. 

Figure  4  shows  the  experimental  results  of  the 
algorithm.  Initially  we  tuned  the  laser  in  0.1  nm  steps 
over  a  bandwidth  of  1540  to  1565  nm.  Shortly  after  80 
hours,  observations  of  corrupted  wavelengths  (mode- 
hops  in  this  case)  begin  to  appear.  The  correction 


algorithm  was  applied  at  125  hours  to  correct  the 
corrupted  wavelengths  by  monitoring  a  few  selected 
wavelengths.  The  range  1559.4  to  1562  is  shown  in  the 
figure  for  clarity.  The  equations  could  have  been  applied 
when  there  was  80  hours  of  use  on  the  laser  to  preempt 
any  mode  hoping.  It  is  important  to  note  that  only 
monitoring  of  a  few  drop  out  points  can  be  used  to 
correct  all  of  the  degenerate  wavelengths.  Also,  all 
dropout  wavelengths  were  corrected  to  within  the  ±  0.02 
nm  accuracy  of  the  wavemeter  used. 


Component  Level  Diagram 


Figure  5.  Schematic  of  a  1x6  grating-based  receive 
beamformer. 

Dynamic  range  and  noise  figure  are  still  issues  that 
require  optimization  if  these  fast  tunable  lasers  are  to  find 
pervasive  use  in  photonic  beam  forming  systems. 
Insufficient  line  width  (>  50  MHz)  as  well  as  insufficient 
optical  power  levels  (~  -5  to  0  dBm)  can  yield  increased 
RJN  levels  which  lead  to  poor  system  performance  from 
a  microwave  view.  These  issues  are  being  actively 
investigated. 

IV.  RECENT  SYSTEM  RESULTS 

As  mentioned  earlier,  a  cascade-grating  approach  has 
been  proposed  and  demonstrated  in  order  to  circumvent 
the  need  for  very  long  fiber  gratings  [13].  This  technique 
makes  use  of  the  fact  that  gratings  fabricated  from  the 
same  phase  mask  are  identical.  Thus  any  grating 
imperfections  or  non-linearities  in  time-delay  response 
are  common  to  all  channels  and  do  not  result  in  a  time- 
delay  error.  The  demonstrated  architecture  is  shown  in 
Figure  5. 

The  demonstrated  system  was  a  one-dimensional,  six- 
element  receiver  with  an  element  spacing  of  ~  4  inches. 
This  is  believed  to  be  the  first  continuously  tunable, 
chirped  grating,  true  time-delay  ultra-wide  bandwidth 
receive  beamformer.  This  system  exhibited  squint-free, 
time-delay  steering  over  azimuthal  angles  of  ±  60°. 
Figure  6  shows  typical  data  with  the  beamformer  steered 
to  45°. 

Another  recent  demonstration  involves  an  approach 
to  greatly  simplify  two-dimensional  beamforming.  This 
technique  relies  on  the  fact  that  the  required  time-delay 
gradient  for  any  array  steering  vector  is  essentially  one¬ 
dimensional  in  nature  [14,  15].  Thus,  if  the  required  ID 
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time-delay  gradient  is  generated,  a  simple  reconfiguration 
of  the  time-delay  feeds  will  result  in  two-dimensional 
steering. 


Azimuth  (deg) 

Figure  6.  Anechoic  chamber  measurement  of  the 
receiver  with  the  beam  steered  to  45°. 

V.  CONCLUSIONS 

The  use  of  dispersion-based  techniques  for 
beamforming  applications  has  shown  much  potential. 
Investigations  are  now  proceeding  to  address  some  of  the 
more  practical  issues  aimed  at  making  the  technique 
viable  for  “real-world”  systems.  These  issues  include  the 
temperature  stability  and  time-delay  resolution  of  the 
beamformer.  The  use  of  chirped  fiber  gratings  alleviates 
many  of  the  issues  with  fiber-based  dispersion 
techniques.  Another  critical  issue  is  the  performance  and 
control  of  the  tunable  laser  source.  It  was  shown  that  by 
periodically  monitoring  a  few  wavelengths,  the  aging 
characteristics  of  all  laser  wavelengths  may  be 
compensated  simultaneously.  Other  issues  which  were 
not  discussed  but  will  be  presented  include  the  phase  and 
amplitude  stability  of  the  fiber-optic  remoting  cable, 
component  wavelength  flatness,  RIN  issues  and 
modulator  bias  stability.  Recent  demonstrations  of  a 
fiber-grating  receive  beamformer  and  a  simplified, 
reconfigurable  array  architecture  indicate  that  many  of 
the  practical  issues  are  being  addressed. 
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Abstract 

Demonstration  of  traveling-fringes-detector 
operation  for  beam  forming  on  simulated  signals 
from  a  fiber-remoted  phased  array  using  a  true- 
time-delay  RF-photonic  processor  implementing 
the  BEAMTAP  (Broadband  Efficient  Adaptive 
Method  for  True-time-delay  Array  Processing) 
algorithm  is  presented. 

1  Introduction 

As  future  antenna  array  systems  tend  to¬ 
wards  wider  bandwidth  and  thousands  or  more 
elements,  the  communication  and  processing  of 
these  signals  is  becoming  more  complex  and  de¬ 
manding.  In  this  paper,  we  demonstrate  an  effi¬ 
cient  RF  photonic  approach  to  performing  these 
complex  broadband  beam-forming  and  adaptive 
jammer-nulling  operations  for  very  large  phased- 
array  antennas  ( N  >  1000  elements)  using  the 
BEAMTAP  algorithm  and  its  optical  implemen¬ 
tation  [1,  2].  BEAMTAP  reduces  the  number 
of  tapped-delay-lines  required  to  process  an  N- 
element  phased-array  antenna  from  N  to  only 
2,  which  can  be  seen  in  the  algorithm  diagram 
in  Fig.  1.  A  tapped  delay-line  is  used  to  update 
an  adaptive  weight  matrix,  which  when  read  out 
and  input  into  the  shift-and-add  delay-line,  pro¬ 
vides  an  adaptive  algorithm  with  a  single  output 
o(t )  equivalent  to  the  time-domain  LMS  adap¬ 
tive  beam  former 

n,m 

where  the  desired  signal  d(t)  is  subtracted  from 
the  output  signal  o(t)  to  produce  the  feedback 
signal  f(t)  necessary  for  the  weight  adaptation. 

The  use  of  a  single  traveling-wave  detector 
such  as  a  photoconductive  traveling-fringes  de¬ 
tector  [3,  4]  (TFD)  allows  for  the  generation  of 
the  necessary  shift-and-add  time-delays  in  the 
electrical  (rather  than  the  optical)  domain,  while 
the  tapped  delay  line  can  be  implemented  com¬ 
pactly  using  an  acousto-optic  device  (AOD)  for 


t-M'r 

J  s*  (t'-mr)  [d(t')-o(t')]  dt', 


Shift-and-Add  Scrolling  Delay  Line 


Figure  1:  BEAMTAP  algorithm  for  broadband 
squint-free  true-time-delay  beam  forming  using 
a  single  output  shift-and-add  scrolling  delay  line. 
For  adaptive  calculation  of  the  weights  within 
the  array,  the  feedback  and  additional  tapped 
delay-line  is  also  required. 

the  input.  A  schematic  diagram  of  the  opti¬ 
cal  BEAMTAP  architecture  with  the  necessary 
TDLs  is  shown  in  Fig.  2.  A  single  coherent  laser 
is  split  using  two  beamsplitters  to  drive  both 
the  fiber-feed  network  and  the  BEAMTAP  pro¬ 
cessor  -  the  fiber-feed  network  from  the  phased 
array  is  shown  on  the  left.  Diffracted  light  from 
the  AOD  interferes  with  modulated  signals  from 
the  array,  which  are  imaged  through  lens  sys¬ 
tem  Lo,  to  form  gratings  in  the  photorefractive 
crystal  (PR  crystal).  Diffraction  of  the  phased 
array  signals  off  this  grating  are  detected  by 
a  synchronous  TFD  which  has  a  carrier  veloc¬ 
ity  matched  to  the  magnified  acoustic  velocity 
of  the  AOD  by  the  lens  systems  L\  and  L2 — 
producing  a  resonant  charge  carrier  distribution 
q(x2,t).  The  output  signal  o(t)  is  amplified  by 
gi,  subtracted  from  the  desired  signal  d(t),  and 
fed  back  into  the  AOD  as  the  feedback  signal 
f(t)  amplified  by  g2,  to  close  the  adaptive  feed¬ 
back  loop  necessary  for  the  system  to  cancel  any 
jamming  signals  present  in  the  signal  environ- 
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Figure  2:  Optical  BEAMTAP  architecture. 

merit.  A  Rochon  prism,  linear  polarizer  (LP), 
and  spatial  filter  (SF)  are  used  for  the  rcad-write 
isolation  of  the  AOD  beam  from  the  diffracted 
phased  array  signals. 

2  Traveling-Fringes  Detector 

A  traveling-fringes  detector  for  RF  signals 
uses  a  photoconductive  layer  of  GaAs  which  al¬ 
lows  for  detection  of  a  1  GHz  signal  at  a  cen¬ 
ter  frequency  up  to  20  GHz.  [4]  The  detector 
is  based  upon  the  synchronous  drift  of  photo¬ 
generated  carriers  with  a  moving  interference 
pattern  generated  by  interfering  two  beams  of 
coherent  light  tilted  by  9  with  difference  fre¬ 
quency  fd  yielding  a  fringe  velocity  vj  —  fd  A/sin  9 
Light  which  is  incident  on  the  photoconductive 
layer  of  the  detector  will  generate  photocarri¬ 
ers  with  a  drift  velocity  Vd,  and  by  varying  the 
applied  bias  voltage  in  the  layer,  which  in  turn 
changes  the  carrier  velocity,  a  resonance  peak 
occurs  when  the  fringe  velocity  vj  equals  the 
photocarrier  speed  Vd .  [3] 

An  optical  implementation  which  allows  the 
TFD  to  be  used  for  broadband  detection  re¬ 
quires  that  an  acousto-optic  deflector  (AOD)  be 
used  to  simultaneously  modulate  and  deflect  an 
optical  carrier  with  a  broadband  RF  signal  in 
which  the  deflection  angle  of  the  beam  is  linearly 
dependent  upon  the  applied  frequency.  This  is 
shown  in  Fig.  3.  Each  deflected  beam  experi¬ 
ences  a  Doppler  shift  with  respect  to  the  inci¬ 
dent  beam  due  to  the  interaction  of  the  light 
with  the  acoustic  wave  such  that  the  angular 
frequency  of  the  diffracted  wave  is  Ud  =  u>0  +  Q, 
where  lj0  is  the  angular  frequency  of  the  inci¬ 
dent  laser  beam  and  Q  is  the  angular  frequency 


Figure  3:  Generation  and  detection  of  a  broad¬ 
band  RF  signal  using  an  acousto-optic  device 
imaged  onto  a  velocity  matched  traveling-fringes 
detector. 

of  the  acoustic  wave.  Thus  each  frequency  com¬ 
ponent  diffracted  by  the  AOD  has  a  propor¬ 
tional  frequency  and  angle  that,  with  the  ap¬ 
propriate  magnification  M,  produces  an  image 
propagating  with  the  detector’s  resonant  veloc¬ 
ity  vj  —  Mva  =  Vd  when  interferomctrically 
detected  with  the  undiffractcd  reference  beam 
from  the  AOD.  The  telocentric  4f  lens  system 
is  used  to  scale  the  velocity  of  the  moving  in¬ 
terference  pattern  to  match  the  photocarrier  ve¬ 
locity  of  the  TFD  since  the  acoustic  velocity  of 
the  AOD  can  be  up  to  an  order  of  magnitude 
slower  then  the  carrier  velocity  of  the  detector, 
depending  upon  the  type  of  carrier  (electron  or 
hole)  being  used  for  resonant  detection. 

3  Results 

The  time  delay  achievable  with  a  500//m  width 
GaAs  TFD  using  electron  transport  is  limited 
to  a  few  nanoseconds  due  to  the  high  mobil¬ 
ity  of  electrons  in  GaAs.  By  utilizing  the  20 
times  lower  mobility  of  holes  for  the  resonant 
carriers  in  the  TFD,  we  can  increase  the  avail¬ 
able  time  delay  in  the  scrolling  delay  line  to 
about  60ns,  allowing  for  the  squint  free  pro¬ 
cessing  of  arrays  up  to  20m  in  diameter.  Pre¬ 
viously  we  demonstrated  broadband  detection 
with  the  TFD  using  electron  transport  by  de¬ 
tecting  an  8  [is  250  MHz  BW  chirp  riding  on 
a  750  MHz  carrier.  [5]  Hole-resonant  transport 
was  achieved  by  reversing  the  bias  across  the  de¬ 
vice  and  by  changing  the  magnification  system 
between  the  AOD  and  TFD.  Figure  4a  shows 
an  8  ns  250  MHz  pulse-compressed  chirp  cen¬ 
tered  at  a  carrier  frequency  of  995  MHz  which 
was  input  into  the  AOD,  with  the  broadband 
detected  output  of  the  TFD  shown  in  Fig.  4b. 
Notice  that  the  full  250MHz  bandwndth  signal 
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Figure  4:  (a)  8  /xs  250  MHz  bandwidth  chirp 
input  into  the  AOD.  (b)  The  detected  output 
after  amplification  shows  the  reconstruction  of 
the  chirp  signal  using  the  TFD  detector  in  a 
hole-resonant  transport  mode  of  operation. 

has  been  faithfully  reconstructed,  with  a  slight 
amount  of  ringing  present  due  to  the  frequency 
response  of  the  amplifiers. 

To  verify  the  time-delay  capability  of  the 
TFD  in  hole-transport  mode,  the  detector  was 
translated  by  250  /xm  and  the  detected  output 
signal  was  cross-correlated  with  the  detected  sig¬ 
nal  having  no  translation.  The  frequency  spec¬ 
trum  of  the  pulse  was  digitally  filtered  to  re¬ 
move  unwanted  residual  harmonics,  and  down 
converted  back  to  baseband.  Fig.  5  shows  the 
auto-correlation  in  conjunction  with  the  cross- 
correlation  between  the  translated  band  untrans¬ 
lated  signals  demonstrating  a  delay  of  60  ns  demon¬ 
strating  in  addition  to  the  faithful  production  of 
the  time-delayed  signal.  Thus  the  TFD  has  the 
capabilities  necessary  for  operation  as  a  scrolling 
input  delay-line  for  the  optical  implementation 
of  BEAMTAP. 

Figure  6  shows  the  experimental  setup  demon¬ 
strating  the  beam  forming  operation  of  the  op¬ 
tical  BEAMTAP  processor.  The  AOD  in  the 
upper  portion  of  the  figure  acts  as  a  simulated 
array  of  inputs  from  an  actual  phased-array  an¬ 
tenna,  since  the  signal  of  interest  s(f)  to  be  de¬ 
tected  is  delayed  at  each  simulated  antenna  ele¬ 
ment  as  the  acoustic  waves  traverse  the  illumi¬ 
nated  laser  spot  within  the  aperture  of  the  AOD. 


TD  of  TFD  for  250um  Displacement 


Figure  5:  Autocorrelation  of  the  TFD  detected 
chirp  waveform,  superimposed  with  the  cross 
correlation  of  the  detected  output  after  translat¬ 
ing  the  detector  250  /xm,  demonstrating  60  ns  of 
time  delay. 


Figure  6:  Experimental  setup  using  an  AOD  to 
simulate  the  time-delays  incident  on  the  array  to 
demonstrate  the  true-time-delay  beam  forming 
capabilities  of  optical  BEAMTAP. 

The  diffracted  light  containing  this  signal  of  in¬ 
terest  is  focused  into  a  photorefractive  crystal, 
whereby  diffracted  light  from  the  beam  steering 
AOD  containing  the  desired  signal  d(t)  creates  a 
cross-correlation  between  the  two  signals.  This 
cross-correlation  builds  up  a  holographic  grating 
and  produces  a  set  of  weights  which  allow  for  the 
beam  forming  operation  and  the  coherent  sum¬ 
mation  of  the  signal  s(f)  once  these  weighted 
signals  are  fed  into  the  TFD  scrolling  delay  line. 
Diffracted  light  from  the  feedback  arm  of  the 
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Figure  7:  (a)  Frequency  spectrum  of  the  de¬ 
sired  signal  d(t).  (b)  Frequency  spectrum  of  the 
beam  formed  output,  showing  that  the  signal 
spectrum  of  the  signal  of  interest  s(t)  has  been 
reliably  detected. 

processor  containing  the  desired  signal  d(t)  is 
then  blocked  so  that  the  weight  matrix  can  be 
read  out  using  diffracted  signals  from  the  simu¬ 
lator,  where  they  are  imaged  onto  the  TFD  and 
interferometrically  detected.  Figure  7  show  the 
detected  output  of  the  beam  forming  operation. 
Notice  the  faithful  reconstruction  of  the  signal 
across  the  full  80  MHz  bandwidth,  demonstrat¬ 
ing  the  beam  forming  operation  of  the  optical 
BEAMTAP  processor. 

4  Conclusion 

We  have  shown  how  the  time  delay  within 
a  traveling-fringes  detector  can  be  increased  us¬ 
ing  hole-resonant  transport  mode  of  operation 
to  allow  for  the  beam  forming  operation  of  the 
optical  BEAMTAP  processor.  Experimental  re¬ 
sults  have  demonstrated  60  ns  of  time  delay,  and 
beam  forming  using  an  80  MHz  chirped  pulse 
have  been  performed.  A  cross-correlation  be¬ 
tween  the  signal  of  interest  and  the  desired  sig¬ 
nal  create  a  weight  matrix  within  a  photorefrac- 


Desired  Signal 


tive  crystal  by  the  formation  of  a  holographic 
grating.  Diffraction  of  light  containing  the  sig¬ 
nal  of  interest  off  this  grating  and  the  subsequent 
interferometric  resonant  and  coherent  detection 
on  the  TFD,  which  acts  as  a  scrolling-delay  line, 
then  allows  for  the  beam  forming  operation  of 
the  BEAMTAP  processor  to  be  completed. 
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Abstract:  The  primary  focus  of  photonics  for  antenna 
systems  has,  historically,  been  on  the  development  of 
link  and  beam  steering  techniques.  By  using 
photonically  controlled  devices  and  materials  it  is 
possible  to  produce  revolutionary  changes  in  antenna 
elements  and  in  the  design  and  properties  of  arrays, 
opening  the  door  for  a  new  class  of  antennas.  In  this 
paper  we  survey  the  history  and  current  status  of 
photonically  reconfigurable  antennas.  We  look  at 
photonic  control  of  reactive  devices  and  the  optically 
variable  capacitor  (OVC™)  and  the  evolution  of  this 
device  towards  monolithic  integration.  Finally,  we  also 
will  look  at  the  state  of  photonically  reconfigurable 
silicon  and  its  application  to  antenna  design. 

1.  Introduction 

The  use  of  photonic-based  antenna  feeds,  links,  and 
controls  opens  the  possibility  of  unique,  very  high 
performance  antenna  systems.  Historically,  the  primary 
application  of  photonic  technology  for  antenna  systems 
has  been  on  the  development  of  link  and  beam  steering 
techniques.  Over  the  last  few  years,  however,  work  has 
begun  to  focus  on  using  photonics  to  produce  new 
approaches  to  the  design  of  antenna  elements 
themselves.  By  using  photonically  controlled  devices 
and  materials  (switches,  reactive  devices, 
photoconductive  materials)  in  the  antenna  aperture  it  is 
possible  to  produce  revolutionary  changes  in  antenna 
element  and  phased  array  design  and  properties. 

Photonically  controlled  devices  do  not  require 
conducting  lines  running  to  them  in  order  to  provide 
power  or  control  signals  but  instead  use  fiber  optical 
cables  or  direct  optical  illumination  to  control  devices 
or  to  manifest  changes  in  materials.  Using  these  devices 
and  materials  it  is  possible  to  remotely  change  the 
effective  characteristics  (such  as  gain,  tuning, 
bandwidth,  and  RCS)  of  an  antenna  aperture.  Hence, 
photonics  opened  the  door  for  a  new  class  of  antennas  - 
Photonically  Controlled  Reconfigurable  Antennas. 

The  idea  of  antenna  reconfiguration  is  not  a  new  one. 
Antenna  designs  using  diodes  or  varactors  to  tune  or 
switch  the  polarization  states  of  an  antenna  have  been 
around  for  some  time.  Patents  by  Schaubert  [1]  show 
that  placing  electronically  controlled  switching  posts  in 
patch  antennas  allows  one  to  control  the  frequency, 
polarization,  and  directivity  of  this  type  of  antenna.  In  a 


patent  by  Bhartia  [2]  a  pair  of  varactor  diodes  are  used 
to  replace  the  switching  diodes  as  described  by 
Schaubert.  This  approach  allows  the  impedance  of  the 
“post”  or  “load”  to  be  varied  and  hence  more  than  two 
states  can  be  obtained.  Electronic  reconfiguration  using 
metallic  control  lines  has  always  been  limited  in  utility 
because  of  the  interaction  of  the  conducting  control 
lines  with  the  antenna  element. 

In  1985,  Daryoush,  Bontzos  and  Herczfeld  [3] 
introduced  the  concept  of  using  an  optically  controlled 
PIN  diode  to  tune  a  patch  antenna.  In  their 
configuration,  shining  light  directly  on  the  device  varied 
the  PIN  diode's  impedance  characteristics.  This 
approach  removed  the  wire  connection  and  allowed  the 
control  device  to  be  placed  in  the  plane  of  the  antenna 
itself.  However,  the  use  of  direct  optical  illumination  of 
a  PIN  diode  has  the  problem  that  the  quality  factor  (Q) 
of  the  device  varies  (degrades)  as  a  function  of  the 
optical  illumination.  In  other  words,  the  resistance,  as 
well  as  the  capacitance  vary  and  limit  the  use  of  this 
technique  as  a  tuning  device.  Nevertheless,  this  appears 
to  be  the  first  use  of  optically  controlled  devices  to 
reconfigure  an  antenna  element. 

In  a  1 988  patent,  Dempsey  [4]  presented  the  concept  of 
the  Synaptic  antenna  in  which  a  three-dimensional 
matrix  of  electrically  conductive  segments  (wires)  are 
configured  with  “photoresponsive  devices”  selectively 
placed  between  numerous  adjacent  segments.  The 
“photoresponsive  devices”  are  used  as  switches  to 
control  the  path  length  of  the  conductive  segments.  This 
allows  the  reconfiguration  of  the  conducting  state  of  the 
system.  Hence,  the  antenna  can  be  changed  by 
activating  or  deactivating  the  “photoresponsive 
devices.”  Figure  1  presents  the  conceptual  drawing, 
taken  from  the  patent  [4],  of  this  system. 

In  Dempsey's  original  patent  there  is  no  statement  of 
how  these  “photoresponsive  devices”  are  to  be  built.  In 
1989  Dempsey  [5]  presented  a  conference  paper  on  the 
theory  of  the  Synaptic  antenna.  In  this  paper  the  matrix 
of  thin  conductive  line  segments  are  joined  or  synapsed 
at  nodes  with  photoconducting  cells,  called 
Photistors™,  which  can  be  turned  on  by  optical  energy 
alone.  The  Photostor™  was  stated  to  have  an  equivalent 
circuit  of  a  10K  ohm  "dark'  resistor  in  parallel  with  a 
0.05  pf  capacitor  which  essentially  open-circuits  the 
element.  When  the  device  is  illuminated,  the  resistor 
assumes  the  "on"  value  of  about  1-ohm,  effectively 
shorting  the  segment. 


0-7803-6455-4/00/$! 0.00  ©  2000  IEEE 
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Figure  1  -  A  conceptual  drawing  of  the  generalized 
synaptic  system  [4]  showing  two  dipoles  and  feedlines 
turned  on  via  photoresponsive  devices  in  a  three 
dimensional  matrix. 

2.  Photonic  Switches 

Photonic  switches  are  the  critical  technology  for  most  of 
the  early  photonic  reconfigurable  antenna  concepts. 
Fortunately,  optoelectronic  switch  technology  has  been 
studied  for  microwave  circuits  for  some  time. 
Microwave  optoelectronic  switches  have  several 
advantages  over  conventional  PIN  diodes  or  GaAs 
MESFETs  besides  the  removal  of  a  metal  wire.  Claims 
have  been  made  that  promise  faster  rise  and  fall  times, 
broader  bandwidth,  ability  to  handle  higher  power,  and 
simplicity  of  operation  [6]. 

Two  photoconductive  materials  commonly  used  to 
make  photonic  switches  are  GaAs  and  silicon.  Both 
materials  exhibit  a  high  dark  state  DC  resistance  and  a 
low  illuminated  state  DC  resistance.  The  Photistor™ 
discussed  in  the  synaptic  antenna  has  been  reported  to 
be  a  silicon  photoconductor  which  can  be  switched  from 
a  2000  Q  "off'  impedance  to  a  6  Q  "on"  impedance  with 
100  pW  of  light  [7]  and  a  useful  upper  frequency  of 
about  1  GHz.  These  devices  were  used  by  California 
Microwave,  Inc  [8]  to  build  a  digitally  reconfigurable 
multi-band  (100  MHz  to  1000  MHz)  antenna  containing 
four  synapses  and  twelve  optical  control  fibers,  which 
were  used  to  operate  the  antenna  in  three  different 
bands.  The  high-band  and  the  mid-band  synapses  were 
configured  as  sleeved  dipoles.  The  low  band  synapses 
were  also  sleeved  dipoles  but  they  were  configured  as  a 
two-element  array. 

In  the  silicon  photoconductor  switch,  the  semiconductor 
switching  material  is  illuminated  directly.  Another 
approach,  that  has  been  investigated,  is  to  illuminate  a 
photovoltaic  (PV)  cell,  which  then  generates  a  voltage 
that  activates  a  FET  [9,10]  or  a  PIN  [11]  switch.  These 
devices  are  known  as  PV-FET  and  PV-PIN  switches, 
respectively.  In  the  PV-FET  developed  by  Albares  [10], 
a  3  Q  "on"  resistance  and  a  >30  MQ  "off  resistance 
were  reported  using  optical  power  less  than  1  mW.  The 
PV-PIN  switch  that  was  reported  was  designed  to 
switch  a  VHF  radio  monopole  antenna  length  from  90 
to  1 80  cm,  thus  changing  its  resonant  frequency. 


The  switches  discussed  so  far  were  used  to  switch  fairly 
basic  dipole  and  monopole  antennas  into  different 
lengths.  A  more  complex  and  innovative,  if  not 
ambitious,  reconfigurable  antenna  concept  using 
photonic  switch  technology  is  the  Structurally 
Embedded  Reconfigurable  Antenna  Technology 
(SERAT)  which  has  been  reported  by  Gilbert  [12]  of 
Sanders.  The  basic  SERAT  concept  is  comprised  of  an 
array  of  dual-polarized  dipole  antenna  elements  whose 
dimensions  can  be  altered  with  photonically  activated 
RF  switches.  These  elements  are  integrated  into  the  top 
layer  of  a  multilayered  composite  structure  comprised 
of  passive  frequency  selective  surfaces  (FSS)  that  form 
a  broadband  ground  plane  system.  The  reconfigurable 
aperture  that  was  reported  [  1 2]  was  a  3X3-array  panel 
that  was  successfully  operated  from  500  MHz  to  2  GHz. 

3.  Reconfiguration  via  Reactive  Loading 

Reactive  loads  can  be  used  with  great  effect  to  control 
matching,  radiation,  and  scattering  characteristics  of  an 
antenna.  The  tuning,  gain,  or  RCS  of  an  antenna  or 
array  can  be  changed  by  varying  the  reactive  impedance 
values  of  control  loads  placed  either  in  the  feed  gap  or 
in  the  arms  of  an  antenna  element.  Pattern  and  RCS 
control  is  understood  heuristically  if  one  considers  that 
the  directivity  and  the  RCS  of  an  element  are  related  to 
the  distribution  of  current  over  the  arms  of  an  element 
(or  over  the  aperture  of  the  antenna).  If  this  current 
distribution  can  be  modified  in  phase  and/or  magnitude, 
then  the  directivity  or  RCS  pattern  will  be  changed. 

Reconfigurable  antennas  may  be  constructed  by 
embedding  reactive  loads  such  as  varactor  diodes  within 
the  radiating  structure  or  the  feed  region.  Optical  control 
of  varactor  diode  reactance  for  reconfigurable  antennas 
offers  all  of  the  advantages  normally  associated  with 
optical  links — low-loss,  lightweight,  immunity  to  noise, 
isolation  from  RF  circuit — but  has  the  additional 
advantage  of  extremely  low  optical  power  requirements 
as  compared  with  many  other  reconfigurable  antenna 
technologies. 

Varactor  diodes  may  be  controlled  optically  using  two 
techniques:  direct  control,  or  indirect  control.  With 
direct  control,  the  active  region  of  the  device  is 
illuminated  with  the  optical  control  signal.  The  same 
device  thus  performs  both  optical  and  microwave 
functions,  which  often  involve  contradictory  design 
requirements.  The  maximum  achievable  capacitance 
tuning  range  is  also  limited  for  a  given  range  of 
illumination  intensities.  Illumination  of  the  varactor 
diode  also  leads  to  a  reduction  in  the  Q-factor  of  the 
diode.  An  alternative  scheme  is  indirect  control,  where 
the  optical  control  signal  is  first  converted  to  a  suitable 
electrical  form  by  a  dedicated  detector.  The  electrical 
control  signal  governs  the  bias  point  of  the  varactor 
diode,  which  is  part  of  the  microwave  network  [13], 
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Optically  Variable  Capacitor  (OVC™)  circuits  have 
been  developed  by  Toyon  [13]  for  indirect  optical 
control.  The  OVC  consists  of  a  photovoltaic  array  that 
controls  the  reverse  bias  across  a  varactor  diode.  A 
change  in  the  incident  optical  power  leads  to  a  change 
in  the  photovoltaic  array  output  voltage.  This  varies  the 
depletion  width  of  the  varactor  diode  and  thereby  its 
junction  capacitance.  Hence  this  arrangement  makes  it 
possible  to  control  the  capacitance  using  optical  signals. 
There  are  several  advantages  to  this  method:  1)  the 
optical  signal  is  used  for  bias  as  well  as  control  of  the 
active  device  thus  eliminating  the  need  for  external  bias. 
2)  Since  the  photovoltaic  array  drives  a  reverse  biased 
varactor  diode  (low  leakage  current)  the  optical  power 
requirements  are  small.  3)  The  optical  detection  and 
variable  capacitance  functions  are  provided  by  separate 
components  and  hence  it  is  possible  to  optimize  them 
independently.  The  varactor  diodes  are  designed  to 
provide  the  desired  capacitance  swing  with  the  lowest 
possible  RF  insertion  loss  while  the  photovoltaic  arrays 
are  designed  to  provide  the  desired  bias  swing  across 
the  varactors  using  as  low  optical  power  as  possible. 

Toyon  [14]  reported  using  the  OVC™  for  both  tuning  of 
electrical  small  loops  and  pattern  control  of  spiral 
antennas.  Figure  2  shows  the  tuning  obtained  for  three 
different  size  electrically  small  loops.  In  this  case,  the  Q 
was  preserved  over  the  entire  tuning  range  of  the  loop. 
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Figure  2  -  Measured  tuning  range  for  three 
electrically  small  loop  antennas  tuned  with 
Toyon's  OVC™. 


Nagra,  et.al.  [15]  have  reported  a  monolithic 
implementation  of  the  OVC™  circuit  in  GaAs  using  a 
novel  lateral  oxidation  technique  for  device  isolation.  A 
maximum  capacitance  swing  from  1.1  pf  to  0.47  pf  was 
recorded.  This  device  has  been  integrated  in  planar 
antenna  and  other  microwave  circuit  structures.  An 
optically  tunable  folded  slot  antenna  incorporating  the 
OVC  as  the  tunable  element  is  shown  in  Figure  3.  The 
folded  slot  antenna  was  designed  to  be  A/2  long  at  18 
GHz.  Due  to  capacitive  loading  of  the  antenna  by  the 
OVC,  the  resonance  frequency  was  shifted  down  to  14.5 
GHz.  When  optical  power  is  incident  on  the  OVC,  the 
varactor  capacitance  decreases  thus  causing  the 
resonance  frequency  to  increase.  The  folded  slot 


antenna  resonance  frequency  was  tuned  from  14.5  GHz 
to  16  GHz  by  using  just  450  pW  of  optical  power. 


*  "i 

'  *  '  ‘  *  ‘tM 

OVC 


Folded  Slot  Antenna 


Figure  3  -  Monolithic  OVC  controlling  a  folded 
slot  antenna. 


4.  Photoconductive  Reconfigurable  Antennas 


Photoconductive  silicon  based  antennas  activated  by 
laser  pulses  have  been  investigated  vigorously  in  recent 
years.  A  variety  of  novel  technologies  have  been 
demonstrated  in  this  area.  A  semiconductor  element  will 
become  photoconductive  when  activated  by  CW  laser 
illumination,  and  thus  it  can  serve  as  a  metal-like 
electromagnetic  (EM)  radiator  [16,17].  When  the  laser 
source  is  off,  the  antenna  element  becomes  essentially 
transparent  to  the  EM  wave,  thus  it  will  give  no 
interference  to  nearby  active  elements  and  also  is 
immune  from  EM  detection.  Many  of  the  initial 
photoconductive  reconfigurable  antenna  studies 
reported  in  the  literature  have  used  the  basic  bowtie 
antenna  as  the  radiating  element.  Raytheon  [16]  has 
illuminated  their  antenna  by  shining  laser  light  directly 
on  the  element.  More  recently,  Sanders  [18]  has 
developed  a  light  tank  delivery  system  that  uses  optical 
fiber  to  feed  the  light  on  the  element.  This  system  is 
shown  schematically  in  Figure  4. 


Dielectric-coated  beveled  end 


Silicon  bowtie  element 

RF  balun  feed 


Light  tank  delivery  system 

Figure  4  -  The  schematic  of  the  Sanders  [18]  light 
tank  delivery  system. 


5.  Summary 


We  have  briefly  introduced  the  concept  of  photonically 
reconfigurable  antennas  and  have  shown  examples  of 
different  reconfiguration  technologies  that  are  most 
commonly  being  studied  presently.  By  using 


11 


M01.3 


photonically  controlled  devices  and  materials  it  is 
possible  to  produce  revolutionary  changes  in  antenna 
elements  and  in  the  design  and  properties  of  arrays.  In 
this  paper  we  surveyed  the  history  and  current  status  of 
photonically  controlled  switches  for  application  in 
antennas.  We  also  looked  at  photonic  control  of  reactive 
devices  and  the  optically  variable  capacitor  (OVC™), 
the  evolution  of  this  device  towards  monolithic 
integration,  and  examples  of  how  it  is  used.  Finally,  we 
briefly  introduced  photonically  reconfigurable  silicon 
and  its  application  to  antenna  and  array  design. 
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Abstract 

We  present  the  first  range 
demonstration  of  a  2-D,  true-time  delay, 
transmit  beamformer  based  on  the  technique 
that  produces  2-D  steering  by  dynamically 
reassigning  the  output  of  a  1-D  beamformer 
onto  the  input  plane  of  a  2-D  antenna  array. 
Anechoic  chamber  testing  of  the 
reconfigurable  beamformer,  demonstrates 
squint-free  steering  to  ±45°  across  the  6  to  18 
GHz  band  in  the  azimuth  and  elevation 
directions  and  to  (±30°  az,  ±30°  el)  in  the 
inter-cardinal  ±45°  directions. 

I.  Introduction 

To  steer  wide  bandwidth  signals 
without  beam  squint,  future  multi-dimensional 
antenna  arrays  will  most  likely  require  the  use 
of  true  time-delay  (TTD)  beamformers. 
Microwave  based  TTD  beamformers  suffer 
from  severe  drawbacks  and  are  currently 
impractical  [1].  As  a  result,  several  optical 
approaches  have  been  proposed  and  built  with 
various  degrees  of  success  [2-7].  These 
optical  approaches  tend  to  suffer  from  a 
number  of  difficulties  including  system 
complexity,  optical  power  loss,  component 
reproducibility,  signal  stability,  and  most 
notably  system  cost. 

Here  we  present  for  the  first  time,  a 
range  demonstration  of  a  2-D  TTD 
beamformer  based  on  reconfigurable  optical 
interconnections,  as  proposed  by  Frankel  and 
Esman  [8].  This  architecture  is  based  on  the 
ability  to  dynamically  reassign  the  connections 
between  a  1-D  beamformer’ s  time-delay  units 
(TDUs)  and  the  individual  elements  of  a  2-D 
antenna  array.  Reconfigurability  enables 
mapping  the  linear  time  gradient  of  the  1-D 
beamformer  onto  a  polar  R,  9  coordinate 
system.  The  amount  of  time  delay,  controls 
how  far  out  in  the  radial  direction  the  beam 
points,  while  the  assignment  of  the 
connections  between  the  TDUs  and  the 


radiating  elements  of  the  antenna  array, 
controls  along  which  0  direction  the 
beamformer  steers.  The  assignment  of  the 
TDUs  to  the  antenna  elements  is  implemented 
using  a  reconfigurable  optical  switching 
matrix  (OSM).  This  type  of  system  enables  2- 
D  array  beam  steering  with  reduced  system 
complexity,  cost,  optical  loss,  and  added 
design  flexibility 

II.  System  Design 

The  fiber-optic  (FO)  beamforming 
system,  shown  schematically  in  Fig.  1,  is 
designed  to  actively  drive  a  3  x  3  antenna 
array  in  both  azimuth  and  elevation 
directions.  The  TTD  beamformer  is  based  on 
the  FO  dispersive  prism  approach  [9]  and 
provides  a  1-D  wavelength-dependent  time 
delay  for  three  unique  array  elements.  By 
tuning  the  wavelength  of  the  laser,  the  optical- 
dispersion  gradient  in  the  beamformer  is 
translated  into  a  time  delay,  which  is  then 
routed  to  the  appropriate  array  elements  via 
the  photonic  OSM.  This  forms  a  2-D  time- 
steered  far-field  pattern. 

An  external  cavity,  wavelength-tunable 
semiconductor  laser  with  a  wavelength  range 
of  1470-1590  nm  serves  as  the  optical  source 
for  the  system.  The  1.5  mW  output  of  the 
laser  is  amplifed  to  200  mW  by  an  erbium- 
doped  fiber  amplifer  (EDFA)  and  is 
subsequently  modulated  by  a  20  GHz  Mach- 
Zehnder  intensity  modulator  (MZM).  A  4  to 
1 8  GHz  low  noise  preamplifier  with  a  nominal 
gain  of  40  dB  is  used  at  the  RF  input  of  the 
MZM  to  insure  adequate  dynamic  range.  The 
modulated  optical  carrier  is  further  amplified 
by  a  second  EDFA  to  overcome  the  optical 
insertion  loss  (~8  dB)  of  the  MZM.  The 
optical  signal  is  then  split  into  three  unequal 
parts  (to  compensate  for  the  unequal  optical 
loss  in  the  dispersive  prism)  and  fed  into  a 
three-channel  FO  dispersive  prism.  The 
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dispersion  in  the  three  arms  of  the  FO  prism 
are  0,  -4.2,  and  -8.3  ps/nm,  respectively. 

Each  link  is  then  split  into  three  equal 
parts  for  a  total  of  nine  optical  paths.  The 
links  then  continue  through  separate  FO  time 
shifters  and  FO  attenuators,  before  being 
inserted  into  the  OSM.  The  8x8  OSM  is  a 
commercially  available  device  [10]  consisting 
of  Mach-Zehnder  interferometers  and 
electronically  controlled  thermo-optic  phase 
shifters.  The  device  is  strictly  non-blocking 
resulting  in  any  input  port  being  able  to  be 
routed  to  any  output  port.  The  ninth  optical 
link  is  routed  though  a  3.42  m  length  of  fiber 
to  compensate  for  the  ~17  ps  optical  delay  in 
the  OSM.  Since  the  ninth  element  is  assigned 
to  a  fixed  time  delay,  it  acts  as  the  pivot  about 
which  the  polar  steering  axis  of  the 
beamformer  rotates. 

The  optical  signals  then  pass  through  a 
second  set  of  attenuators,  are  demodulated  by 
20  GHz  p-i-n  photodiodes,  and  post-amplified 
by  broadband  (4-18  GHz)  low-noise 
amplifiers,  each  having  a  nominal  gain  of  ~40 
dB.  The  outputs  of  the  nine  amplifiers  are 
connected  to  microwave  line  stretchers  and  are 
then  fed  to  every  other  input  of  an  8  x  32 
flared-notch  2-D  antenna.  The  antenna  is 
designed  such  that  the  element  spacing  is  A/2 
at  16  GHz  [11].  Undriven  elements  are 
terminated  into  50Q.  The  total  radiated  power 
of  the  current  system  is  less  than  5  mW. 

The  two  sets  of  time  delay  shifters  and 


amplitude  adjusters,  both  before  and  after  the 
OSM,  are  used  to  compensate  for  path  length 
and  insertion  loss  differences  in  the  input  and 
output  stages  of  the  OSM.  These  adjustments 
enable  a  minimization  of  the  overall  system 
time  and  amplitude  tracking  amongst  all  of  the 
optical  paths  possible  through  the  OSM. 

III.  Results  and  Discussion 

After  assembly  and  packaging,  the  FO 
beamforming  system  was  calibrated  and  tested 
in  the  laboratory.  The  antenna  array  and  FO 
beamformer  were  then  tested  in  a  compact 
anechoic  radar  range.  A  network  analyzer  was 
used  to  drive  the  RF  input  of  the  system  and 
detect  the  received  signal.  The  radiation  from 
the  transmit  antenna  was  focused  onto  the 
receive  antenna  by  an  off-axis  parabolic 
microwave  mirror.  Mechanical  1-D  scans  in 
both  azimuthal  and  elevation  were  taken 
across  a  ±70°  range  in  0.5°  increments,  at 
frequencies  ranging  from  4  to  18  GHz  in  0.5 
GHz  increments. 

Two  examples  of  measured  antenna 
patterns  are  shown  in  Fig.  2  which  are 
intensity  plots  of  the  transmitted  radiation  as  a 
function  of  mechanical  2(a)  azimuth  and  2(b) 
elevation  angle  and  frequency.  The  images 
have  been  normalized  for  the  frequency 
response  of  the  system  but  not  the  element 
pattern  of  the  antenna  .  Radial  steering  of  the 
beam  to  an  angle  30°  off  of  broadside  is 
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Fig  2.  Array  pattern  intensity  plots  as  a  function  of  mechanical  angle  and  frequency  with  the  laser  adjusted  to  steer 
30°  off  of  broadside  (X  =  1562.3  nm)  with  the  OSM  configured  for  steering  in  (a)  azimuith  and  (b)  elevation.  Inset: 


Diagram  of  the  assignment  of  the  input  to  the  output  ports  of  the  OSM  to  steer  the  beam  in  the  indicated  direction. 


achieved  by  detuning  the  laser  7.3  nm  off  of 
the  broadside  wavelength  (k  =  1555.0  nm), 

introducing  the  appropriate  amount  of  time 
delay  between  the  antenna  elements. 
Azimuthal  steering  is  achieved  by  assigning, 
via  the  OSM,  the  (0)(1)(2)  TDUs  incident  at 
the  input  channel  sets  (123)(456)(789),  to  the 
appropriate  array  elements  sets 
(ABC)(DEF)(GHI).  The  resulting  intensity 
pattern,  shown  in  Fig  2(a),  is  steered  to  +30° 
in  azimuth.  By  simply  reassigning  to  which 
antenna  elements  the  TDUs  are  assigned, 
(0)(1)(2)  to  (ADG)(BEH)(CFI),  beam  steering 
in  elevation  is  achieved,  as  is  shown  in  Fig. 
2(b)  with  the  beam  steered  to  -30°.  In  both 
cases,  the  main  beam  is  readily  discemable  at 
the  expected  steered  angle  (+  or  -30°)  and 
exhibits  squint  free  operation  over  the  full  4  to 
18  GHz  frequency  range.  The  first  grating 
lobe,  calculated  to  be  ~±63.5°  away  from  the 
main  beam  at  18  GHz  is  clearly  visible  in  both 
plots.  A  side  lobe  is  also  visible  adjacent  to 
the  main  beam.  The  degradation  from  ideal  of 
the  measured  intensity  patterns  is  due  to 
problems  with  the  performance  of  the  antenna 
array  elements  and  not  the  beamformer.  At 
physical  angles  greater  than  ±30°  off  of 
broadside,  element-to-element  shadowing  and 
mutual  coupling  between  the  array  elements, 


effectively  limits  the  coherence  of  the 
radiation  directed  at  these  steering  angles.  This 
results  in  a  degradation  of  the  measured  far- 
field  intensity  patterns.  Amplitude  tracking 
errors  in  the  microwave  components  in  the 
system  and  time  delay  errors  in  the  OSM 
further  degrade  the  patterns.  The  main  beam 
was  steered  to  several  angles  between  +45° 
and  -45°  in  both  azimuth  and  elevation, 
yielding  similar  squint  free  results,  across  the 
RF  band  tested.  In  laboratory  tests  without  the 
antenna  elements,  the  beamformer  was 
capable  of  squint  free  steering  to  ±70°  [12]. 

Mechanical  two-dimensional  (azimuth 
and  elevation)  scans  were  also  taken  in  2.0° 
increments  between  ±60°  in  both  elevation  and 
azimuthal  directions,  and  at  frequencies 
between  6  and  18  GHz  in  1  GHz  steps.  Two 
examples  of  these  2-D  intensity  scans  are 
shown  in  Fig.  3.  Assigning  the  TDUs  to  steer 
in  elevation,  Fig.  3(a)  shows  a  10  GHz  beam 
steered  to  -30°.  By  assigning  the  sets  of 
TDUs  to  diagonal  elements,  steering  along  the 
array’s  ±45°  inter-cardinal  planes  is  achieved. 
Figure  3(b)  shows  a  6  GHz  beam  steered  20° 
in  azimuth  and  20°  in  elevation.  Similar  beam 
patterns  were  observed  across  the  RF  band 
measured  and  with  other  steering 
configurations  The  beams  are  well  defined  at 
the  expected  steered  positions  with  side  and 
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Fig.  3  Array  pattern  intensity  plots  as  a  function  of  azimuth  and  elevation  angle  (a)  at  a  frequency  of  10  GHz  with  the 
laser  adjusted  for  30°  steering  off  of  broadside  with  the  OSM  configured  for  -elevation  steering  (b)  at  a  frequency  of  6 
GHz  with  the  OSM  configured  for  steering  in  the  +45°  inter-cardinal  direction  to  (+20°  azimuth,  +20°  in  elevation). 


grating  lobes  at  the  expected  angular  positions. 
The  beam  was  successfully  steered  squint-free 
to  several  angles  between  -45°  and  +45°  along 
the  azimuth  and  elevation  axis.  Steering 
along  the  ±45°  array  inter-cardinal  directions 
to  (±30°  azimuth,  ±30°  elevation)  was  also 
demonstrated. 

IV.  Conclusions 

We  have  developed  a  novel  two- 
dimensional  optical  beamformer  based  on  the 
ability  to  dynamically  reassign  the  signal  feed 
of  a  1-D  TTD  beamformer  to  the  physical 
elements  of  a  2-D  antenna  array.  After 
characterization,  the  beamformer  was  used  to 
drive  a  3  x  3  antenna,  whose  antenna  pattern 
was  measured  in  an  anechoic  chamber. 
Measurements  show  squint  free  steering  to 
±45°  in  the  horizontal  and  vertical  directions 
and  to  (±30°  azimuth,  ±30°  elevation)  in  the 
±45°  inter-cardinal  directions.  Steering  is 
achieved  by  simply  changing  the  routing  of  the 
optical  signal  through  the  OSM  in  conjunction 
with  changes  in  the  optical  carrier  wavelength. 
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Abstract —  This  paper  presents  a  photonic  architecture 
for  independently  steering  the  broadband  nulls  of  linear 
and  conformal  phased  array  antennas.  Analytic 
expressions  quantifying  bandwidth  requirements  are 
developed  and  simulation  results  demonstrating  array 
performance  are  presented. 

I.  Introduction 

This  paper  examines  a  tunable  laser-based  system 
for  broadband  null  steering  with  conformal  phased 
array  antennas.  The  ability  to  place  the  array  factor 
zeros  at  chosen  angular  coordinates  is  fundamentally 
different  from  broadband  beamsteering  [1],  [2],  It  is 
found  that  the  array  factor  nulls  of  a  broadband 
beamsteering  system  are  not  fixed  in  their  spatial 
location  as  the  RF  frequency  is  varied,  and 
consequently  additional  design  constraints  must  be 
imposed  to  achieve  broadband  nulls.  The  problem 
becomes  more  challenging  for  the  case  of  conformal 
arrays. 

The  nulling  processor  architecture  described  in 
this'  paper  is  entirely  fiber-based  and  only  a  single 
length  of  high  dispersion  optical  fiber  is  needed  for  the 
entire  system.  This  single  fiber  feature  is  especially 
important  since  it  provides  a  common  processing 
element  for  all  the  optical  signals  and  reduces  the 
effects  of  errors  by  helping  to  maintain  the  extremely 
accurate  element-to-element  amplitude  and  phase 
tracking  needed  for  deep  nulls.  With  the  photonic 
approach,  the  common  optical  path  that  exists  as  well 
as  the  ability  to  process  the  broadband  RF  information 
before  down  conversion  more  readily  achieves  this 
element-to-element  gain  and  phase  tracking.  This 


common  optical  path  also  makes  the  performance 
especially  insensitive  to  temperature  drift. 

II.  System  Considerations 

It  is  well  known  that  the  directional  characteristics 
(the  array  factor)  of  an  N-element,  linear,  equally- 
spaced  phased  array  antenna  may  be  expressed  as  a 
polynomial  of  degree  (N  -  1)  and  is  given  by 

AFn  (9)  =  fjf(z(0)  -  Z„)  =  IX-1  ..nz{0)\  (D 

n- 1  n=0 

where  z(0)  =  exp[-./'iWsin(0)],  ^  is  the  antenna  element 
spacing,  k=a/c  is  the  free  space  wavenumber  for 
radian  frequency  CO,  and  c  is  the  speed  of  light  in  free 
space.  The  term  Z|_  =  z{9n )  =  exp[-  jkd  sin(6>„ )]  is  a  zero 
of  the  polynomial  corresponding  to  a  null  at  angular 
coordinate  9  „  and  is  realized  as  a  delay  line  with  time 

delay  T  y  Equation  (1)  gives  the  array 

c 

polynomial  coefficients  explicitly  as 

N- 1  N-\N-l  W-lV-t  N-l 

ao  =  I*  a\  =-JjZi’a2  =SSZ-Z;’a3  =  Xz-Uz*’ 

i=l  i=l  j= 1  j=l  j= 1  *=1 

j*i  j*i  k*i,j 


We  see  that  a  multiple  delay  line  (transversal  filter) 
implementation  is  needed  to  realize  the  an  coefficients 
to  support  broadband  nulling.  Contrasted  with  the 
narrowband  application,  simple  phase  shifters  can  be 
used  to  generate  in-phase  and  quadrature  (I/Q)  signals 
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and  obtain  a  typical  coefficient  an  in  the  array  factor 
polynomial,  but  only  at  a  single  frequency. 

The  increased  system  complexity  needed  for 
broadband  nulling  can  be  justified  by  quantifying  the 
null  depth  degradation  of  a  narrowband  null  steering 
array  over  a  nonzero  RF  bandwidth.  For  the 
narrowband  case,  the  polynomial  zero  becomes 
z,„  =exp[-  jk„d  sin(0j]  which  is  a  pure  phase-shift  and 

is  independent  of  RF  frequency  since  ka  is  fixed. 
Consider  then  an  array  factor  zero  located  at  spatial 
coordinate  9m,  and  with  RF  frequency  f,  +  Af  where/,, 
is  the  center  (carrier)  frequency  and  Af  is  the  deviation 
from  the  carrier.  Equation  (1)  may  be  bounded  from 
below,  assuming  a  half-wavelength  array  element 

spacing  so  that  k  d  _  ^  f*  _  n ,  and  for  a  null  at  end- 
c 

fire  (0m  =  ±90  degrees)  as 

\AF„(0J<2n-'4b  (3) 


where  B  is  the  fractional  bandwidth, 


K  L 


Consider  an  application  such  as  interference 
elimination  for  Global  Positioning  Systems  (GPS), 
which  operates  (roughly)  at  f„=  1.2  GHz  with  Af  =  \0 
MHz.  From  Equation  (3)  we  see  that  for  a  two-element 
array  (N  =  2),  the  null  depth  at  the  band  edge  may  be  as 
large  as  -14.77  dB,  a  value  generally  considered  as 
quite  unacceptable  in  such  applications.  Requiring  a 
more  desirable  interference  suppression  of  -70  dB 
limits  the  worst-case  usable  bandwidth  to  30  Hz,  while 
relaxing  the  null  depth  to  -60  dB  results  only  in  a  300 
Hz  usable  bandwidth,  values  completely  inconsistent 
with  the  GPS  application.  Hence,  broadband  null 
steering  is  clearly  required  for  what  would  generally  be 
regarded  as  a  classical  narrowband  beamforming 
application, 

III.  Application  to  Conformal  Arrays 

For  the  conformal  array,  the  general  situation  is 
shown  in  Fig.  1.  For  this  case,  a  plane  wave  incident  on 
the  array  at  an  angle  6  measured  with  respect  to  some 
global  x-y  coordinate  system,  exp[-jk(otx  +  fly) 7,  with 
a~ cos 6,  f}=sind,  is  sampled  by  the  array  elements 
located  at  their  spatial  coordinates  (x„  yj,  i=0,  ....  N-l . 
For  the  conformal  array,  the  array  function  can  be 
written: 


/(0)  =  Xa<w<  (4) 

/=0 

where  w,  is  the  signal  received  by  the  i-th  antenna 
element  with  w<  =  exp[-jk(axt  +  fiyt )]  ■  The  coefficients 

a;  are  determined  to  produce  a  null  at  9=9U  namely 


f{9d-0.  For  the  N-l  zeros  we 
coefficients  a b  i  =  1,  ...,  N-l  as 

r  lr  adjWT  r 

a2  ■■■  = 


may  write  the  array 
...  wr>]r(5) 


where 


w\m)  =  exp  [~jk(amXj  +  P„y  s )] 


(6) 


and  where  we  have  assumed  an  incident  plane  wave 
signal  excitation  as  sampled  by  array  element  at  spatial 
location  (xj,  yf)  and  evaluated  at  spatial  frequency  (a„v 
1 3m ),  and  where  adj  WT  is  the  adjoint  matrix  of  WT,  AH7 
is  its  determinant,  and  (  f  denotes  the  transpose 
operation.  For  distinct  nulls,  the  columns  of  W  are 
independent  and  hence  a  nonzero  A W  is  assured.  If  we 
then  let  Oo  =  ~aw  ,  each  a,  may  be  realized  as  a  simple 

transversal  filter.  Without  loss  of  generality,  we  may 
take  (x0,  yo)  -  (0,  0)  so  that  =  ]  for  all  i=l,...,  N  -  1. 

We  see  that  the  additional  complexity  introduced  by 
the  conformal  array  results  in  the  need  for  only  2N(N- 
1)  independent  time  delays  compared  with  the  2N  ,-1 
needed  for  the  linear  array  using  the  classical  Davies 
approach  [2].  This  suggests  that  the  conformal  array 
approach  presented  here  would  be  preferred  even  for 
linear  arrays  when  2N(N-1)  <  2N  ,-1. 


IV.  Photonic  Architecture 

The  generic  photonic  transversal  filter  structure 
required  for  each  conformal  array  element  as  specified 
by  Equation  (5)  is  shown  in  Fig.  2.  For  tunable  laser- 
based  systems,  continuously  variable  time  delay  is 
efficiently  accomplished  using  a  single  High 
Dispersion  Optical  Fiber  (HDOF)  [1],  This  HDOF  is 
characterized  as  having  a  large  negative  chromatic 
dispersion  term.  A  microwave  signal  used  to  modulate 
an  optical  carrier  with  wavelength  +  AT  will 
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undergo  a  differential  time  delay  of  T(AA)  =  D-AA-L 
where  D  is  the  dispersion  (in  units  of  psec/nm-Km)  and 
L  is  the  length  of  the  HDOF. 

These  2N(N-1 )  delays  are  obtained  using  the  bank 
of  tunable  lasers  shown  in  Fig.  3,  where  each  laser 
operates  at  a  wavelength  A(Ty)  and  has  a  tuning  range 
AA;  wide  enough  so  that  the  necessary  differential  time 
delays  specified  above  can  be  accessed  via  the  HDOF. 
The  laser  outputs  are  optically  summed  as  shown  so 
that  when  delayed  they  form  the  appropriate 
polynomial  coefficients  a0,  ah  a2,  and  so  on.  Negative 
coefficients  are  obtained  by  using  a  broadband 
electrical  n-phase  shifter  at  the  appropriate  electro¬ 
optic  modulator  (EOM)  inputs.  The  EOM  outputs  are 
summed  and  coupled  in  a  single  length  of  HDOF  that 
provides  the  desired  wavelength  dependent  delay  on 
each  set  of  optical  carriers.  The  HDOF  output  is 
coupled  to  a  spectrally  broad  photodetector  (PD)  that 
recovers  the  properly  delayed  and  summed  microwave 
antenna  signal  and  which  constitutes  the  receiver’s 
output.  For  an  adaptive  system,  a  portion  of  this  output 
and  possibly  the  output  of  each  antenna  element  could 
be  digitized,  and  an  appropriate  algorithm  would  then 
be  used  to  adjust  the  laser  operating  wavelengths  via 
the  laser  controller. 


Fig.  2:  Photonic  beamformer  for  the  conformal 
array  processor.  Details  are  shown  for  one  antenna 
element. 


V.  Simulation  Results 

Figs.  3a  and  3b  are  plots  of  the  simulated 
responses  of  a  distorted  four-element  linear  array  and  a 
conformal  (nonlinear)  array,  respectively.  The 
frequency  and  bandwidth  of  the  interference  are 
consistent  with  a  scenario  involving  broadband 
jamming  of  a  military  GPS  receiver.  Note  that  the  null 
is  maintained  across  a  wide  spatial  angle  and  that  the 
peak  gain  is  rather  large.  Such  a  broad  spatial  null 
would  be  useful  in  an  environment  containing  many 
jammers  scattered  throughout  a  region.  This  scenario 


“stresses”  the  array  in  the  sense  that  the  solution  results 
in  about  10  dB  of  (thermal)  noise  amplification,  and 
the  normalized  gain  is  reduced  by  10  dB.  In  Fig.  3a  we 
place  interferers  at  -60,  0,  and  60  degrees.  This  is  a 
more  stressful  scenario  that  results  in  16  dB  of 
(thermal)  noise  amplification  and  limits  the  maximum 
normalized  gain  to  -10  dB.  Finally,  Fig.  3b  illustrates 
null  placement  in  a  nonlinear  array.  The  interferers  are 
located  at  0, 30  and  -70  degrees. 


Response  of  a  Distorted  Linear  Array 


Spatial  Frequency  (deg.) 

Fig.  3:  Simulated  response  of  a  distorted  four- 
element  linear  array  (f  =1.2  GHz,  B  =10  MHz)  with 
(a)  interferers  at  -60,  0,  and  60  degrees  and  (b) 
interferers  are  located  at  0, 30  and  -70  degrees. 
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Abstract 

A  polarization  independent  Photonic 
Integrated  Circuit  for  phase  steering  of  a 
four  element  Phased  Array  Antenna  has 
been  fabricated  on  InP.  The  chip  is 
extremely  small  and  suitable  for  packaging. 


Introduction 

Phased  Array  Antennas  (PAAs)  are  becoming 
increasingly  important  and  are  under  study  for 
radar  and  wireless  communication 
applications,  see  [1,2].  Optical  processing  of 
microwave  signals  is  attractive  because  glass 
fiber  has  extremely  low  losses  and  a  very  high 
bandwidth.  Photonic  integration  brings  down 
the  number  of  components  in  the  optical 
beamformer.  Previously  we  have  realized  a 
Photonic  Integrated  Circuit  (PIC),  for 
adjusting  the  phase  and  amplitude  information 
for  a  16  element  PAA,  see  [3].  However  this 
chip  only  worked  for  the  TE  polarization,  it 
suffered  from  a  high  insertion  loss  and  its 
output  waveguides  were  not  designed  for 
coupling  to  a  fibre  array.  The  device  we 
present  here  addresses  those  issues. 


Inputs 


Outputs^-" 


3  mm 

Figure  1:  Design  of 
controller  chip. 


2.5  mm 


phase 


Chip  Design 

Basically  this  chip  combines  the  signals  of  two 
lasers  such  that  a  microwave  beat  signal  is 
formed  in  a  photodiode  behind  the  chip.  Any 
optical  phase  shift  will  translate,  by 
heterodyning,  to  a  microwave  phase  shift 
behind  the  photodetector. 

Two  lasers  with  stable  difference  frequency, 
e.g.  from  an  optical  phase  locked  loop,  are 
connected  to  inputs  1  and  2.  1x2  Multi-Mode 
Interference  (MMI)  splitters  [4]  are  used,  for 
splitting  the  signal  into  four  equal  parts.  The 
waveguides  are  sorted  in  four  pairs  such  that 
waveguides  with  signals  from  inputs  1  and  2 
appear  alternatively.  In  every  waveguide  a 
2.57  mm  long  phase/amplitude  modulator  is 
included  in  the  [110]  direction  (split  in  two 
parts,  see  Fig.  1)  and  a  1.13  mm  long 
phase/amplitude  modulator  in  the  [110] 
direction.  In  the  [110]  direction  the  phase 
shift  experienced  by  the  TE  polarized  light  is 
slightly  larger  than  for  the  TM  polarized  light. 
In  the  [110]  direction  however  the  phase  shift 
for  the  TM  polarization  is  much  larger  than  for 
the  TE  polarization.  Therefore  it  is  possible, 
with  adjusting  the  voltage  on  both  sections,  to 
obtain  a  polarization  independent  phase  shift. 
Before  the  light  leaves  the  chip  the  signals  in 
the  waveguide  pairs,  coming  from  inputs  1 
and  2,  are  combined  in  a  2x2  MMI  3dB 
coupler.  The  width  of  the  in-  and  output 
waveguides  is  increased  for  optimal  coupling 
to  a  lensed  fiber.  In  this  way  the  coupling  loss 
can  be  reduced  to  around  5  dB. 
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Fabrication 

This  chip  was  fabricated  on  an  N-doped  InP 
substrate.  Using  an  MOCVD  a  non  doped  600 
nm  InGaAsP  film  layer  with  cut-off 
wavelength  of  1.3  pm,  a  1  pm  p-doped 
cladding  layer  were  and  a  50  nm  P-doped 
contact  layer  were  deposited. 

First  the  contact  layer  was  removed  by  wet 
chemical  etching  everywhere  outside  the 
phase/amplitude  modulators.  Ridge 
waveguides  were  etched  with  a  CH4/H2 
plasma  in  a  REE  machine  using  a  SiN  masking 
layer.  The  applied  waveguide  width  was  2  pm 
and  the  etch  depth  was  150  nm  into  the  film 
layer.  For  planarization  and  passivation  a 
polyimide  layer  was  spun  on.  The  Ti/Au 
(20/180  nm)  metallization  was  patterned  using 
a  lift-off  process. 

Measurements 

The  total  excess  loss  of  the  device  is  6.5  dB, 
total  on  chip  losses  including  the  splitting  loss 
are  15.5  dB.  All  outputs  are  within  ±1.5  dB 
from  this  value.  The  propagation  losses  for  a  2 
pm  waveguide  losses  are  1.5  and  1.8  dB/cm, 
for  TE  and  TM  polarization  respectively.  The 
total  on  chip  waveguide  length  is  about  1  cm. 
Each  of  the  three  phase/amplitude  modulation 
sections  gives  around  1  dB  insertion  loss, 
because  of  discontinuities  in  the  cladding  layer 
which  are  used  as  electrical  insulation  .  The 
input  signal  is  distributed  over  eight  output 
waveguides,  therefore  there  is  9  dB  splitting 
loss.  The  2  dB  that  are  left  can  be  attributed  to 
the  excess  loss  of  the  MMI-couplers. 

In  figure  2  the  phase  shift  of  the 
phase/amplitude  modulators,  both  parallel  and 
perpendicular  to  the  [1 1  0]  direction,  is  plotted 
as  a  function  of  the  applied  voltage.  The  phase 
shifting  along  the  [11 0]  direction  is  more 
efficient  because  the  electrode  is  2.57  mm 
long  vs.  1.13  mm  in  the  perpendicular 
direction. 


Figure  2:  Phase  shift  as  function 
of  applied  voltage. 


A  voltage  on  the  phase/amplitude  modulator 
does  not  only  change  the  phase  of  the  signal  , 
it  also  introduces  an  extra  attenuation.  When  a 
voltage  of  15  V  is  put  on  the  phase/amplitude 
modulator  parallel  to  the  [11 0]  direction,  an 
attenuation  of  7.5  or  11  dB  is  incurred  for  the 
TE  or  TM  polarization  respectively.  This 
effect  is  linear  with  electrode  length  and 
roughly  independent  of  the  waveguide 
orrientation.  The  attenuation  effect  is  not 
linear  with  applied  voltage  and  will  be  larger 
at  higher  voltages. 

To  make  sure  that  a  polarization  independent 
phase  shift  is  applied,  the  ratio  of  the  voltages 
applied  to  the  phase/amplitude  modulator  in 
the  parallel  and  the  perpendicular  to  the  [1 1 0] 
crystalographic  direction  must  be  fixed.  A 
combined  phase  and  amplitude  state  can  be 
reached  by  first  applying  a  certain  phase  shift, 
or  in  this  case  attenuation,  to  both  input 
signals.  Secondly  a  phase  difference  between 
the  two  input  signals  can  be  reached  by 
changing  these  voltages  slightly. 

The  operation  of  the  chip  was  further  tested  by 
coupling  two  laser  signals  in  the  chip  and 
looking  at  the  signal  that  is  generated  in  a 
photo  diode.  The  measurement  setup  is  shown 
in  figure  3. 
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Figure  3:  Measurement  setup  for 
heterodyning  two  lasers. 


Two  external  cavity  lasers  were  used  as  input 
lasers.  Light  was  coupled  into  and  out  of  the 
chip  using  an  array  of  cleaved  fibers.  Which 
resulted  in  a  coupling  loss  around  10  dB.  An 
Optical  Spectrum  Analyzer  was  used  to 
monitor  the  signals  coupled  in  and  to  position 
the  input  wavelengths  closely  together.  The 
coupled  signal  from  the  two  input  lasers  was 
mixed  in  a  photodiode,  amplified  by  40dB  and 
visualized  on  an  Electrical  Spectrum  Analyzer 
(ESA). 


two  input  lasers  behind  the  chip. 

In  Figure  4  the  resulting  signal  in  the  ESA  is 
shown.  The  two  input  lasers  were  tuned  at  a 
frequency  difference  of  800  MHz.  As  a  tuning 
range  of  I  nm  in  wavelength  corresponds  to 
120  GHz  and  lasers  can  be  easily  tuned  over  5 
nm,  the  tuning  range  of  the  output  microwave 
frequency  is  almost  unlimited,  it  is  only 
restricted  by  the  speed  of  the  detector  which 
can  be  larger  than  50  GHz.  The  power  of  both 
input  lasers  is  around  3  dBm.  The  chip  gives  a 
total  insertion  loss  of  40  dB  (16  dB  on-chip 
loss,  two  times  12  dB  coupling  loss  from  the 


chip  without  AR-coating  to  a  cleaved  fiber). 
So  the  signal  at  the  photo  diode  is  around  -34 
dBm.  If  the  modes  of  the  waveguides  at  the  in 
and  out  coupling  facets  were  adjusted  to  a 
cleaved  fiber  with  a  Spot-Size  Converter,  with 
2  dB  loss  each,  and  if  20  dB  of  optical 
amplification  could  be  included  on  the  chip 
using  Semiconductor  Optical  Amplifiers,  than 
this  chip  would  not  produce  any  insertion  loss. 

Conclusion 

We  have  realized  a,  small  (2.5  x  3  mm), 
polarization  independent  photonic  integrated 
circuit  for  controlling  the  phase  of  a  4  element 
phased-array  antenna.  The  on  chip  losses  are 
15.5±1.5  dB.  All  phase  settings  can  be  reached 
with  a  driving  voltage  below  4  V.  The  width 
of  the  in  and  output  waveguides  is  optimized 
for  coupling  to  a  lensed  fiber  array  with  a 
coupling  loss  around  5  dB. 
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Abstract 

We  describe  an  rf/microwave/mm-wave  firee-space 
optical  phased  array  antenna  beamformer  operating  at 
10GHz  in  transmission  or  reception  with  a 
reconfiguration  speed  of  30kHz  through  the  use  of  a 
micromachined  silicon  phase  Spatial  Light  Modulator 
(SLM). 

Introduction 

Phased  array  antennas  have  many  advantages  over 
their  mechanically  steered  counterparts,  which  have 
long  been  recognised  as  being  of  particular  importance 
in  military  systems.  Nevertheless  they  have  not  been 
widely  exploited  to  date  because  of  the  cost  and 
technological  difficulties  of  doing  so.  To  overcome 
these  difficulties  a  number  of  groups  have  sought  to 
exploit  the  medium  of  photonics  with  its  attractive 
properties  for  this  application  which  include 
compactness,  lightweight,  and  operation  at  rf, 
microwave  or  mm-wave  frequencies,  together  with  the 
use  of  optical  fibre  to  provide  a  low-loss,  flexible,  and 
EMI-immune  antenna-remoting  capability  [1,2,3].  At 
previous  MWP  conferences  we  have  described  the 
principles  and  performance  of  such  a  free-space 
photonic  beamformer  operating  in  a  transmission  mode 
at  frequencies  of  1.3  and  10GHz.  This  employs  a  single 
SLM  as  the  means  to  control  the  phases  of  all  the 
antenna  elements  of  the  array  in  parallel  [4,5,6].  In  this 
paper  we  describe  a  number  of  recent  improvements  to 
this  earlier  work,  principally  the  introduction  of  a 
Dammann  grating  to  optimise  the  utilisation  of 
available  light,  and  a  micromachined  silicon  phase- 
only  SLM  which  provides  a  reconfiguration  speed  of 
30kHz,  some  10,000  times  faster  than  the  linear 
nematic  Liquid  Crystal  SLM  used  to  demonstrate  the 
principles  of  operation.  In  addition  we  describe  the 
operating  principle,  construction,  and  performance  of  a 
corresponding  receiving  antenna  array  operating  at 
10GHz.  We  note  that  the  transparency  of  photonic 
systems  of  this  general  kind  to  rf  frequency  makes 
them  attractive  candidates  for  use  in  future  civilian 
fibre-wireless  communications  systems  operating  at 
mm-wave  frequencies  [7,8,9]. 

The  basic  beamformer 

The  basic  beamformer  for  use  in  a  transmission  mode 
is  shown  schematically  in  figure  1,  and  its  construction 
and  operation  are  described  succinctly  below.  It 
contains  two  stable  lasers  whose  difference  frequency 


is  maintained  at  the  required  rf  frequency.  We  have 
used  Lightwave  Electronics  diode-pumped  YAG  lasers 
operating  at  1.3pm,  whose  frequency  difference  can  be 
set  anywhere  from  0  to  100GHz.  The  laser  outputs  are 
combined  in  the  beamsplitter,  and  the  rf  frequency  is 
recovered  by  the  mixing  action  of  the  photodetectors. 
As  shown  below,  the  phase  of  the  rf  output  of  each 
individual  detector  is  set  by  means  of  the  phase  SLM 
through  its  effect  on  light  from  one  of  the  lasers  as  it 
encounters  each  individual  pixel.  The  combined  laser 
outputs  are  conveyed  to  the  detectors  through  single 
mode  ribbon  optical  fibre  which  is  EMI-immune  and 
essentially  lossless,  allowing  the  antenna  face  to  be 
remote  from  the  beamformer  itself.  The  rf  signals  from 
the  detectors  are  amplified  and  transmitted  by  the 
individual  elements  of  the  phased  array  antenna.  The 
antenna  elements  are  spaced  by  one  half  of  the  rf 
wavelength,  and  the  output  rf  beam  is  steered  by 
imposing  a  linear  phase  shift  across  the  array. 
Amplitude  weighting  to  reduce  sideline  levels  can  be 
introduced,  for  example  through  a  second  SLM,  but 
this  has  not  been  implemented  to  date. 

Let  the  E-fields  of  the  two  lasers  be  of  the  same 
polarisation  and  given  by: 

Ei  =  Aexpj(cojt+a)  +  cc  — (1) 

E2=  Bexpj(Ci)2t+P)  +  cc  — (2) 

The  detector  current,  i,  varies  as  the  optical  intensity 
which  is  proportional  to  lEi+Ej2  and  therefore 
contains  the  terms 

i~  ABexpj[(0)rC02)t+(a-P)] +  cc  —(3) 

showing  that  the  phase  of  the  microwave  beat 
frequency,  ((O1-CO2),  incorporates  the  phases,  a  and  P, 
of  the  individual  lasers,  the  SLM  effectively  acting  as  a 
compact  array  of  electrically  programmable  phase 
shifters.  Since  the  SLM  construction  is  typically  based 
on  display  technology,  the  number  of  phase  shifters 
(pixels)  available  is  very  large  and  can  easily  satisfy 
the  requirements  of  the  largest  phased  array  antennas 
contemplated  to  date  with  c. 10,000  elements. 

During  the  course  of  this  work  we  have  devised  many 
variations  on  the  schematic  of  figure  1,  including  that 
of  reference  [6],  in  which  the  two  laser  outputs  are 
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combined  prior  to  passage  through  the  polarisation- 
sensitive  linear  nematic  liquid  crystal  SLM.  Such  an 
arrangement  has  the  advantage  that  any  subsequent 
phase  perturbations  are  largely  cancelled  by  common¬ 
mode  rejection.  In  reference  [6]  we  also  described  a 
micromachined  silicon  phase  SLM  with  a  much  faster 
response  than  the  aforementioned  liquid  crystal  device. 
In  the  present  work  we  have  incorporated  such  a 
micromachined  SLM  into  a  10GHz  transmitter  and 
verified  experimentally  a  reconfiguration  speed  of 
30kHz,  a  rate  adequate  for  most  civil  and  military 
applications.  We  have  also  improved  the  utilisation  of 
the  available  laser  power  by  the  use  of  a  Dammann 
grating.  Details  of  this  demonstrator  are  described 
below. 

The  latest  transmitter  employing  a  Dammann 
grating  and  Micromachined  silicon  SLM 

The  Dammann  grating  is  a  form  of  optical  diffraction 
grating  in  which  the  individual  elements  of  the 
diffracting  array  are  phase  structures  designed  (a)  to 
optimise  light  utilisation,  and  (b)  to  provide  a  chosen 
number  of  grating  orders  of  nominally  equal  intensity 
in  one  or  two  dimensions  [10].  When  focussed  these 
orders  generate  spots  of  identical  (typically  Gaussian) 
profile  and  are  therefore  ideal  for  the  current 
application.  We  have  used  a  grating  designed  by  Dr  M 
Taghizadeh  of  Heriot-Watt  University  to  produce  a 
linear  array  of  12  outputs  to  match  our  ribbon  optical 
fibre,  and  which  had  a  measured  overall  efficiency  of 
82%. 

The  micromachined  silicon  SLM  comprised  8 
modulators  configured  to  provide  360°  of  analogue 
phase  control,  the  details  of  which  are  the  subject  of  a 
patent  application  by  DERA.  As  shown  in  figure  2,  this 
array  also  displayed  good  uniformity  of  its  modulation 
characteristics,  i.e.  phase  versus  voltage.  This  SLM 
was  incorporated  in  our  most  recent  demonstrator 
which  comprised  the  transmitting  phased  array  antenna 
and  three  fixed  10GHz  receivers.  Under  computer 
control  the  transmitter  was  steered  towards  the  three 
receivers  sequentially  and  their  outputs  recorded.  This 
is  shown  in  figure  3(a)  on  a  slow  timebase  (20ms/div), 
while  figure  3(b)  shows  on  a  faster  timebase  (20ps/div) 
the  switch  from  receiver  3  to  receiver  1 .  The  transition 
occurs  in  ~25ps  with  no  overshoot  or  ringing.  This  is 
consistent  with  the  measured  30kHz  frequency 
response  of  each  individual  element  of  the  array, 
reference  [6],  figure  4.  We  believe  that  it  is  possible  to 
design  modulators  with  faster  responses  yet,  as  are 
required  in  the  most  demanding  military  applications. 

The  demonstration  Receiving  phased  array  antenna 

Many  applications  require  a  steerable  receiving 
antenna,  and  here  we  report  the  modification  of  our 
transmitting  phased  array  antenna  to  demonstrate  such 
functionality.  As  in  the  case  of  the  transmitter  the 
demonstrator  used  Commercial  Off  The  Shelf  (COTS) 
components  wherever  possible.  The  principle  of  our 


chosen  receiving  array  is  to  use  the  transmitter 
beamformer  to  generate  an  array  of  differentially 
phased  rf  signals,  but  to  use  them  as  local  oscillator 
(l.o.)  signals  rather  than  signals  to  be  transmitted.  Thus 
the  outputs  of  the  photodetectors  are  now  fed  to  the  l.o. 
ports  of  conventional  rf  mixers,  after  amplification  to  a 
suitable  level.  In  our  demonstrator  the  rf  signals  to  each 
mixer  come  directly  from  the  patch  antenna  elements 
of  the  array,  although  in  a  real  application  they  would 
normally  be  preamplified  first  using  a  Low  Noise 
Amplifier  (LNA).  The  i.f.  outputs  of  the  mixers  are  fed 
through  short  coaxial  cables  to  a  COTS  combiner,  as 
shown  schematically  in  figure  4(a).  The  overall 
receiver  is  shown  in  figure  4(b),  which  includes  the 
means  to  lock  the  rf  frequency  to  a  microwave 
synthesiser.  The  mathematics  of  the  if  signal  formation 
from  the  l.o.  and  rf  signals  is  the  same  as  that  of  rf 
generation  from  the  two  laser  beams  (Eqs  1-3).  In 
operation  the  l.o.  signals  are  given  a  linear  phase 
variation  such  that  the  i.f.  signals  (from  the  receiving 
direction  of  interest)  are  in  phase  and  so  add  coherently 
in  the  combiner  to  form  a  peak  output  signal.  The 
operation  of  our  receiver  has  been  verified 
experimentally  and  is  shown  in  figure  5  when  the 
receiver  is  steered  in  directions  -30°,  0°,  and  +30°  with 
respect  to  boresight. 

In  some  applications  the  same  antenna  needs  to  be  used 
for  both  transmission  and  reception.  This  is  described 
as  full-duplex  operation  when  transmitting  and 
receiving  simultaneously,  and  as  half-duplex  when 
switchable  between  transmission  and  reception.  Half¬ 
duplex  functionality  can  be  implemented  in  the  present 
scheme  in  various  ways,  for  example  by  adding 
components  such  as  a  circulator,  and  switches  at  each 
antenna  element,  as  shown  schematically  in  figure  6. 

Conclusion 

In  this  paper  we  have  described  progress  in  the 
development  of  ffee-space  photonic  beamforming 
techniques,  principally  in  respect  of  efficiency  and 
reconfiguration  speed,  but  also  the  demonstration  of  a 
receiving  array.  The  next  phase  of  this  work  will 
involve  the  demonstration  of  high  speed  secure  data 
transmission  and  reception  at  mm- wave  frequencies. 
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(b) 

Figure  3.  (a)  Detected  outputs  of  three  receivers 
illuminated  sequentially  by  the  10  GHz  phased  array 
transmitter.  Timebase:  20ms/div.  (b)  As  figure  3(a)  but 
showing  the  transition  from  receiver  3  to  receiver  1  on 
a  timebase  of  20  psec/div. 


Optical  20dB 
detector  amplifier 


Transmit 

antenna 


(b) 

Figure  4.  (a)  One  element  of  the  receiving  array,  (b)  the 
complete  receiving  array.  In  this  test  setup  the  l.o. 
frequency  is  10.8  GHz  and  the  LOLA  input  and  i.f. 
output  are  at  800  MHz. 


Figure  5.  Measured  response  of  the  receiving  array.  Figure  6.  Schematic  antenna  element  capable  of  half¬ 

duplex  operation. 
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Abstract  -  We  present  an  overview  of  work  at 
the  University  of  Colorado  in  the  area  of 
optical  control  of  microwave  circuits,  antennas 
and  active  antenna  arrays.  In  specific,  we 
present  X-band  examples  of  two  types  of 
optically  controlled  microwave  components: 
those  where  the  optical  device  is  used  as  a 
microwave  component;  and  those  where  a 
standard  optical  component  is  combined  with 
standard  microwave  components.  The  former 
is  a  slot  antenna  controlled  with  a  PD  in  the 
feedline;  and  the  latter  example  is  that  of  a 
photodiode  that  controls  the  bias  to  a 
microwave  SPDT  switch.  This  switch  is 
integrated  with  a  transmit/receive  (T/R)  active 
antenna,  which  is  then  used  as  an  element  of  a 
quasi-optical  T/R  array. 

I.  Introduction  and  Motivation 

The  goal  of  the  work  overviewed  in  this  paper 
is  to  demonstrate  the  feasibility  of  efficient 
optical  control  of  microwave  circuits  and 
antennas,  as  well  as  the  advantages  of  optical 
over  conventional  techniques.  The  ultimate 
figure  of  merit  for  the  efficiency  of  optical 
control  is  the  required  total  optical  power 
needed  to  perform  a  specific  microwave 
function.  Previously  demonstrated  optically 
controlled  microwave  circuits  are  either  of 
analog  type,  where  e.g.  the  bias  of  a  varactor 
diode  is  varied  optically  [1],  or  of  digital  type 
in  which  the  microwave  switch  is  optically 
turned  on  and  off  [2],  In  most  switches 
demonstrated  to  date,  optical  power  is  used  to 
generate  carriers  in  microwave  pin  diodes 
[3,4,5].  A  disadvantage  of  this  technique  is 
that,  in  general,  photodiodes  are  lossy  at 
microwave  frequencies,  and  therefore  reduce 


the  Q-factor  of  the  circuit  or  antenna  [5].  We 
have  also  observed  this  quality-factor 
reduction  in  a  tunable  second-resonant  slot 
antenna  [7].  The  reduction  in  Q,  however, 
enables  a  broad  tuning  bandwidth  of  1.5  GHz 
around  10  GHz  with  at  most  1  mW  of  optical 
power.  This  antenna  is  shown  in  Fig. la, 
where  a  commercial  photodiode  (Fermionic 
FD300S3)  is  epoxied  at  the  open  end  of  a 
microstrip  feed  line,  and  a  multimode  fiber  is 
epoxied  to  the  active  area  of  the 
photodetector.  The  measured  tuning  range, 
Fig.  lb,  shows  that  for  optical  powers  between 
0.06pW  and  O.lmW,  a  continuous  tuning  of 
1GHz  is  obtained.  These  results  demonstrate 
the  feasibility  of  relatively  large  analog  tuning 
ranges  (12%  in  the  case  of  the  antenna  in 
Fig.  la)  using  optical  control,  with  the 
expected  associated  tradeoff  in  antenna 
efficiency. 

Another  disadvantage  of  using  optical  power 
to  generate  carriers  in  microwave  pin  diodes 
is  the  fact  that  the  insertion  loss  (IL)  and 
isolation  of  the  switch  depend  strongly  on 
optical  power,  and  as  much  as  40mW  of 
optical  power  can  be  required  to  achieve  an  IL 
of  1.2dB  and  an  isolation  of  30dB  [6],  The 
optically  controlled  digital  microwave  SPDT 
switch  presented  in  this  paper  uses  a  small 
amount  of  optical  power  to  control  the  bias  of 
chip  pin  diodes.  The  advantage  of  this 
technique  is  that  only  the  switching  speed 
(rise  and  fall  times)  is  a  function  of  incident 
optical  power,  while  the  IL  and  isolation  are 
independent  of  it  and  remain  constant. 
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Fig.l.  (a)  Schematic  of  an  optically-tuned  slot 
antenna  and  (b)  measured  tuning  range  as  a 
function  of  optical  power  (both  linear  and  log 
scales  in  optical  power  are  shown  for  clarity). 

The  SPDT  switch  is  integrated  with  MMIC 
power  amplifiers  (PAs),  low-noise  amplifiers 
(LNAs)  and  patch  antennas  in  a 
transmit/receive  (T/R)  active  antenna  in  which 
the  switching  between  T  and  R  is 
accomplished  optically  in  such  a  way  that  the 
switching  speed  is  controlled  by  the  amount 
of  optical  power.  This  active  antenna  is  then 
used  as  the  element  of  a  half-duplex  quasi  - 
optical  T/R  lens  antenna  array.  The  switching 
speed  of  the  array  is  independent  of  its  size, 
and  optical  fibers  that  carry  the  switching 
control  signals  do  not  affect  the  microwave 
radiation. 


Compared  to  standard  phased  arrays,  such 
active  lens  arrays  have  been  demonstrated  to 
have  improved  dynamic  range  in  reception, 
higher  effective  radiated  power  in 
transmission,  graceful  degradation,  and  allow 
for  phase-shifterless  beamforming  [8].  The 
active  array  presented  in  this  paper  is 
designed  to  be  the  front  end  of  an  adaptive 
system,  in  which  the  signal  processing  can  be 
accomplished  with  either  a  nonlinear  analog 
holographic  optical  processor  [9],  or  with 
standard  DSP  algorithms.  The  advantage  of 
the  optical  processing  is  in  the  design 
simplicity,  large  processing  bandwidth,  and 
possibly  lower  overall  DC  power 
consumption. 

n.  Low-Power  Optically  Controlled 
Microwave  SPDT  Switch 

The  optically  controlled  SPDT  X-band 
switch  is  shown  in  Fig.2a.  MA/Comm 
MA4GP032  pin  diodes,  with  a  3£2  on- 
resistance  at  3mA  and  0.12pF  capacitance  in 
the  off  state  are  used  for  the  microwave 
switch.  Compact  high-pass  (HPF)  and  low- 
pass  filters  (LPF)  are  needed  to  separate  the 
bias/control  and  RF  signals.  A  second  order 
HPF  isolates  the  bias  control  for  each  side  of 
the  SPDT  switch,  with  at  least  20dB  rejection 
below  1GHz  and  0.1  dB  loss  at  10GHz,  and  is 
implemented  with  a  2nH  shunt  bond  wire  and 
a  lpF  chip  capacitor  at  10GHz.  An  additional 
bond  wire  is  needed  to  connect  the  chip 
capacitor  to  the  microstrip  line  and  is 
designed  to  be  resonant  with  the  capacitor  at 
10GHz.  A  third  order  LPF  biases  the  pin 
diodes  with  27dB  rejection  (O.ldB  reflection) 
of  the  10GHz  RF  carrier.  This  LPF  is 
implemented  with  0.85nH  bond  wires  and 
3pF  capacitors.  The  low  impedance  of  this 
combination  is  transformed  into  a  high 
impedance  with  a  Xg/4  long  microstrip  line 
causing  a  O.ldB  transmission  loss  at  the  bias 
line  junction. 

The  optically-controlled  bias  to  the  pin  diodes 
is  implemented  with  a  HP  ATF26836  general 
purpose  MESFET  and  Fermionics  FD80S3 
1300nm  photo-diodes  (PD)  (with  0.95 A/W 
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responsivity  and  an  active  area  with  a  80pm 
diameter).  The  MESFETs  are  used  to  sink  and 
source  the  current  of  the  pin  diodes,  allowing 
for  small  on/off  response  times.  Push-pull 
PD’s  controls  the  gate  bias  point  for  the 
MESFETs.  The  MESFET  gate  capacitance 
and  PD  on-resistance  dominate  the  rise  and 
fall  times  of  the  bias  control  circuit.  SPICE 
simulations  indicate  that  the  fastest  expected 
rise  (fall)  time  for  the  switch  is  2.6ns  at  7mW 
per  PD,  and  is  determined  by  the  RC  time 
constant  resulting  from  the  pin  diode  junction 
capacitance  and  the  current-limiting  resistor. 
For  only  lpW  of  incident  optical  power,  the 
switch  rise  time  is  approximately  2000ns. 
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Fig.2.  (a)  Photograph  of  back-to-back  optically 
controlled  SPDT  X-band  switch,  (b)  Measured 
and  predicted  rise  time  as  a  function  of  optical 
power. 

For  testing  the  optical  switching  performance, 
variable  length  complimentary  optical  pulses 
with  fast  edges  are  needed.  Two  3GHz  Uni- 
Phase  intensity  electro-optic  (EO)  modulators 


are  used  to  generate  the  optical  pulses.  They 
are  controlled  by  a  function  generator  and 
inverting/non-inverting  op-amps  and  two 
VeritectEO  drivers.  An  Ortel  lOmW  1300nm 
fiber-pigtailed  laser  diode  is  the  optical 
source.  The  resulting  optical  pulse  has  a  pulse 
width  varying  from  25ns  to  7000ns  with 
constant  rise  (fall)  time  of  about  Ins.  The 
optical  pulses  are  incident  on  the  PDs  through 
free-space  coupling  from  multimode  fibers 
placed  about  0.5mm  above  the  PD  chip.  The 
loss  resulting  from  free  space  coupling  of  the 
optical  power  limited  the  testing  range  of  the 
switch  (3  to  15|iW  were  only  available).  The 
measured  results  agree  with  simulated  values 
and  fall  within  the  simulated  bounds,  Fig.2b. 
The  bounds  result  from  uncertainty  in  optical 
power  delivered  to  the  PDs,  which  in  our 
setup  varied  by  +1.7dB  and  -2.7dB. 


Fig-3.  Schematic  of  an  active  transmit/receive 
antenna  in  which  the  switching  between  the  T  and 
R  paths  is  accomplished  optically  using  the  SPDT 
switch  from  Fig.  2a. 

IE.  Active  T/R  Antenna  Element  with 
Optical  Switching 

Fig.3  shows  the  schematic  of  an  active  T/R 
antenna,  which  can  be  viewed  as  a 
bidirectional  repeater  [10].  10-GHz  patch 
antennas  with  a  common  ground  plane  and 
vias  between  feed  and  radiating  sides  of  the 
array  are  used  to  improve  isolation  between  in 
the  input  and  output  signals  of  the  amplifiers. 
Off-the-shelf  MMIC  amplifiers  are  used  for 
the  PA  (HP  HMMC-5618)  and  LNA  (United 
Monolithic  Semiconductor  CHA2063).  An 
optical  mount  aligns  the  optical  fibers  to  the 
PD  with  an  accuracy  of  200pm,  limited  by  the 
packaging  of  the  commercial  PD.  The 
measured  SPDT  switch  in  the  active  antenna 
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element  has  an  IL  of  0.3 ldB  and  an  isolation 
of  36dB  over  a  2.5GHz  bandwidth. 

Based  on  power  and  path  loss  measurements 
calibrated  to  an  aperture  the  size  of  a  unit  cell 
(0.75A,  x  1A,),  the  gain  contributed  by  the 
amplifiers  is  calculated  to  be  14dB  from  the 
PA  and  16dB  from  the  LNA,  consistent  with 
device  specifications.  An  isolation  of  30dB 
was  measured  for  cases  when:  the  active 
antenna  was  in  receive  mode  while 
transmitting;  the  active  antenna  was  in 
transmit  mode  while  receiving;  as  well  as 
when  the  active  antenna  was  in  the  off  state. 
These  measurements  are  limited  by  edge 
diffraction  and  feed  cross-polarization  quality. 

IV.  Discussion 

The  active  antenna  presented  in  the  previous 
section  is  used  as  the  element  of  a  quasi- 
optical  lens  array,  similar  to  the  ones 
described  in  [8].  The  optical  control  of  such 
an  array  has  multiple  advantages  over 
electronic  control:  the  control  signals  do  not 
couple  to  the  RF  signals  and  the  fibers  do  not 
affect  the  radiation;  and  individual  control  of 
each  unit  cell  of  the  array  increases  the 
switching  speed  making  it  the  same  as  that  of 
a  single  element.  The  array  is  designed  using 
off-the-shelf  components  not  optimized  for 
speed  or  low  power.  The  rise  and  fall  times  of 
the  microwave  switch  are  determined  by  the 
optical  power,  allowing  the  switch  to  be 
tailored  to  the  application.  Even  though  the 
2.6-ns  speed  demonstrated  in  this  paper 
requires  relatively  large  optical  power  (about 
lOmW),  the  optical  energy  is  low,  equal  to 
21pJ,  since  the  high  power  is  only  required 
during  the  rise  time.  For  comparison,  the 
fastest  reported  MEMS  RF  switch  has  a  rise 
time  of  about  lps  and  requires  about  2nJ  of 
control  energy  [11], 
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Abstract — 400  Mbit/s  BPSK  data  transmission  at  a 
carrier  frequency  of  60  GHz  is  demonstrated  by  two¬ 
mode  injection-locking  of  a  Fabry-Perot  slave  laser 
whose  injection  current  is  directly  modulated  by  the 
data. 


I.  Introduction 

Wireless  communication  links  using  fiber-based 
millimeter-wave  (mm-wave)  systems  are  expected  to 
support  high-capacity  networks  in  the  future.  Optical 
generation  of  mm-wave  carriers  is  necessary  for  such 
systems  [l]-[7].  Methods  based  on  the  heterodyne 
detection  of  two  waves  in  a  photodetector  (PD)  and 
the  optical  injection-locking  of  semiconductor  laser 
diodes  can  provide  low  phase-noise  characteristics 
for  the  carriers  [l]-[4][6],  Mm-wave  generation  based 
on  two-mode  injection  locking  of  a  Fabry-Perot  (F-P) 
laser  has  the  advantages  of  a  tunable  range  for  the 
generated  carrier  (59-64  GHz)  and  widely  allowable 
detuning  (8  GHz)  between  lasers  [6].  The  key  to  the 
wide  tunability  and  stability  is  the  low-Q  characteris¬ 
tics  of  the  F-P  slave  laser.  The  wide  selectivity  of  the 
master  laser’s  frequency  [3]  [4]  [6]  is  also  suitable  fea¬ 
ture  for  the  design  of  optical  networks.  Signal  modu¬ 
lation  for  the  mm-wave  sources  based  on  optical  in¬ 
jection-locking  have  been  reported  [1][2].  The  con¬ 
figuration  shown  in  reference  [1]  is  based  on  wave¬ 
length  multiplexing  of  an  optical  mm-wave  source 
and  an  optical  transmission  signal  for  the  purpose  of 
long  fiber  transmission  of  the  optical  mm-wave 
source.  In  reference  [2],  the  optical  phase  of  one 
mode  emitted  from  a  slave  DFB  laser  is  modulated  by 
injection  current  modulation.  The  injection  current 
modulation  of  the  locked  F-P  laser  can  also  induce 
amplitude  modulation  (AM)  of  the  locked  modes  [8], 
Long  transmission  using  AM  of  the  locked  modes  by 
an  external  intensity  modulator  has  been  reported  for 
fiber-radio  systems  [9],  By  applying  a  digital  base¬ 
band  signal  to  the  F-P  slave  laser  directly,  relatively 
high-speed  data  modulation  to  a  60  GHz  carrier  has 
been  expected  because  of  the  wide  locking  range  of 
the  F-P  slave  laser  [10].  As  a  result,  we  confirmed  1.2 
Gbit/s  ASK  data  transmission  at  a  60  GHz  carrier 


Fig.  1  Basic  configuration 


frequency. 

In  this  paper,  fiber  transmission  of  BPSK  data  for 
60  GHz  fiber  radio  systems  is  demonstrated  where 
the  two  modes  of  the  F-P  laser  are  injection-locked 
and  the  current  is  modulated  by  the  data  signal  on  an 
IF  band  whose  central  frequency  is  2  GHz.  The 
tunability  of  the  mm-wave  frequency  and  the  reduc¬ 
tion  of  the  reference  frequency  for  the  master  source 
were  also  examined. 


II.  Optical  generation  of  mm-wave  by  two¬ 
mode  LOCKED  F-P  LASER 

The  basic  configuration  of  two-mode  locking  for  an 
F-P  laser  is  shown  in  Fig.  1.  The  master  source  is 
subharmonics,  which  are  obtained  by  an  external  op¬ 
tical  modulator  or  direct  modulation  of  the  DFB  laser 
[4]-[6].  Any  two  modes  of  the  F-P  slave  laser  are  in¬ 
jection-locked  to  a  pair  of  subharmonics  through  the 
three-port  optical  circulator  when  the  frequency  of 
the  DFB  laser  is  nearly  the  same  as  the  central  fre¬ 
quency  of  the  two  modes.  A  high-speed  PD  detects 
the  two  locked  modes  after  the  modes  are  transmitted 
to  a  conventional  single-mode  fiber.  Figures  2a  and 
2b  show  the  optical  spectrum  of  the  slave  laser  and 
the  phase-noise  characteristics  of  the  carrier.  Mode 
spacing  of  the  F-P  laser  and  the  reference  frequency 
of  a  signal  generator  (SG)  were  about  60  GHz  and  30 
GHz,  respectively.*  Optical  power  of  the  subharmon¬ 
ics  was  -15  dBm,  and  the  injection  current  of  the  F-P 
laser  was  58  mA,  which  was  1.2  times  larger  than  the 
threshold  current  [6],  The  phase-noise  was  -93 
dBc/Hz  at  100  kHz  offset  from  the  60  GHz  carrier. 
The  degradation  of  the  phase-noise  was  only  3  dB 
compared  to  that  of  the  signal  generator  with  a  mm- 


0-7803-6455-4/00/$! 0.00  ©  2000  IEEE 


31 


TUI  .1 


Optical  Wavelength  (nm) 

Fig.  2a  Optical  spectrum  of  slave  laser 
Spot  frequency:  100.0  KHz  -93.17  dBc/Hz 


Fig.  2b  Phase-noise  of  generated  carrier 
wave  source  module  (HP83556A). 

III.  Amplitude  modulation  for  two  locked 
MODES 

When  the  injection  current  of  the  two-mode  locked 
slave  laser  is  weakly  modulated,  the  same  phase 
modulation  acts  on  the  modes.  Consequently,  signal 
transmission  based  on  the  phase  modulation  could 
not  be  achieved  because  the  phase  change  of  locked 
modes  was  cancelled  out  by  the  heterodyne  detection 
in  the  PD.  However,  the  data  can  be  detected  if  am¬ 
plitudes  of  the  locked  modes  are  simultaneously 
modulated  [10].  Ideal  (no  chirping)  AM  of  the  injec¬ 
tion-locked  slave  laser  using  the  current  modulation 
can  be  performed  when  the  locking  bandwidth  is 
wide  enough  to  neglect  the  modulation  frequency  and 
the  frequency  deviation  induced  by  the  modulation 
[11].  Relatively  high  bit-rate  modulation  can  be  ex¬ 
pected  because  of  the  widely  allowable  detuning  be¬ 
tween  the  lasers  (8  GHz)  [6],  Using  current  modula¬ 
tion  of  the  F-P  laser  by  NRZ  base-band  signals,  1.2 
Gbit/s  (PRBS  27-l)  ASK  data  with  a  60  GHz  carrier 
could  be  transmitted  to  a  distance  of  32  km  [10].  A 
60  GHz  carrier  with  IF  signal,  which  output  from  the 
two-mode  locked  and  directly  CW  modulated  F-P 
laser,  could  also  be  transmitted  to  a  distance  of  0- 
48km  [8],  Then,  we  tried  frequency  chirp  observation 
for  a  mode  of  the  two-mode  locked  F-P  laser  whose 
injection  current  was  directly  modulated.  We  used 
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Fig.  3  Self-homodyne  detection  of  a  modulated 
mode  (modulation  frequency  =  400  MHz) 


the  gated  delayed  self-homodyne  technique  for  the 
mode,  which  was  dropped  by  a  fiber-Bragg-grating 
filter  (0.4  nm  bandwidth)  from  the  slave  laser  output. 
Figure  3  shows  a  spectrum  of  O/E  converted  signal 
from  a  fiber  interferometer  by  which  an  optical  inter¬ 
ference  signal  between  the  modulated  and  unmodu¬ 
lated  mode  was  generated.  The  modulation  frequency 
and  the  gate  frequency  of  the  modulation,  which  was 
decided  by  a  length  of  the  interferometer’s  delay  line, 
were  400  MHz  and  140  KHz,  respectively.  No  fre¬ 
quency  chirping  was  observed  from  the  power  spec¬ 
trum  of  the  interference  signal  (Fig.  3).  Furthermore, 
no  distortion  component  was  found  while  the  power 
of  the  modulation  signal,  which  was  applied  to  the  F- 
P  laser,  was  below  3  dBm.  We  also  confirmed  the 
chirp  free  performance  in  the  modulation  frequency 
range  (<  600  MHz,  780  MHz-  2.5  GHz)  where  the 
locked  F-P  laser’s  response  was  flat  [8].  This  per¬ 
formance  is  desirable  for  long  fiber  transmission  of 
the  modulated  modes. 


IV.  BPSK  DATA  TRANSMISSION 

Figure  4  is  an  experimental  setup  for  BPSK  data 
transmission.  The  master  source  is  subharmonics 
from  a  phase  modulator  driven  by  30  GHz  CW  (+15 
dBm).  The  BPSK  signal  is  generated  by  a  bi-phase 
modulator,  2  GHz  local  signal  from  a  signal  genera¬ 
tor  (SG2),  and  NRZ  data  from  a  pulse-pattern  genera¬ 
tor  (PPG).  The  current  of  the  F-P  laser  is  modulated 
by  this  BPSK  signal.  The  input  power  of  the  BPSK 
signal  to  the  F-P  laser  was  3  dBm.  The  optical  power 
of  the  two  subharmonics  used  and  the  current  of  the 
F-P  laser  were  -13  dBm  and  55  mA,  respectively. 
The  modes  whose  amplitudes  are  modulated  by  the 
IF  signal  are  amplified  by  an  EDFA  with  0.8  nm  op¬ 
tical  band-pass  filter  and  are  transmitted  to  a  single¬ 
mode  fiber.  The  optical  power  level  at  the  PD  is  ad¬ 
justed  by  an  optically  variable  attenuator  for  meas¬ 
urement  of  bit-error-rate  (BER)  performance  of  the 
heterodyne-detected  signal.  The  generated  60  GHz- 
band  signal  is  down-converted  to  2  GHz  IF  by  an 
envelope  detection  circuit,  which  is  composed  of  a 
power  divider,  mm-wave  amplifiers,  and  a  mixer. 
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Fig.  4  Experimental  setups  for  BPSK  data  transmission 


Center  60.00  GHz  Span  10.00  GHz 

RBW  1.0  MHz  VBWIOOKHz 

Fig.  5a  Spectrum  of  modulated  mm-wave  carrier 


10dB/div  Reference  Level:  1 5.0  dBm 


Center  2.000  GHz  Span  2.000  GHz 

RBW  1.0  MHz  VBW  1.0  MHz 

Fig.  5b  Spectrum  of  down-converted  BPSK  signal 


Fig.  5c  Recovered  eye-patterns  of  156  Mbit/s  (left)  and 
400  Mbit/s  (right)  signals 


By  multiplexing  the  BPSK  signal  and  2  GHz  LO,  the 
NRZ  data  is  recovered.  Figure  5a  shows  a  spectrum 
of  the  mm-wave  signal  at  the  input  port  of  the  enve¬ 
lope  detection  circuit.  The  IF  component  around  62 
GHz  disappeared  due  to  the  gain  bandwidth  (30-  60.5 
GHz)  of  a  front-end  mm-wave  amplifier.  The  down- 
converted  BPSK  signal  and  the  recovered  NRZ  sig¬ 
nal  are  shown  in  Fig.  5b  and  the  left  side  of  Fig.  5c 
when  the  data-rate  and  the  fiber  length  were  156 
Mbit/s  (PRBS  231-1)  and  16  km,  respectively.  The 
BER  performances  are  displayed  in  Fig.  6a  when  the 


bit-rate  is  400  Mbit/s  (PRBS  231-1)  that  corresponded 
to  a  bandwidth  of  the  bi-phase  modulator,  and  the 
eye-pattem  is  shown  in  the  right  side  of  Fig.  5  c.  The 
locked  modes  could  be  transmitted  through  1,  4,  8 
and  16  km  fibers.  A  DFB  laser’s*  optical  carrier  and  a 
pair  of  the  2nd  subharmonics  from  the  phase  modula¬ 
tor  were  partly  passed  through  the  F-P  laser.  Then, 
two  unwanted  60  GHz  beat  signals,  which  were  in¬ 
duced  from  these  three  optical  components,  slightly 
interfered  with  the  60  GHz  carrier  generated  by  the 
locked  modes.  However,  the  received  optical  power’s 
penalty  was  within  1.5  dB  due  to  the  fiber  dispersion. 
Comparing  the  IF-band  modulation  with  the  base¬ 
band  data  modulation  [10],  the  word-length  of  the 
pseudo-random  patterns  could  be  increased  for  the 
IF-band  modulation.  Stability  for  the  injection¬ 
locking  was  degraded  for  the  low  frequency  (<  100 
KHz)  modulation  because  the  frequency  deviation  of 
the  modulated  laser  becomes  comparable  to  the  lock¬ 
ing  bandwidth.  This  is  the  reason  why  it  is  possible  to 
transmit  the  low  frequency  components  that  are  up- 
converted  to  the  IF-band. 

Next,  we  examined  the  tunability  of  the  generated 
mm-wave  by  evaluating  the  BER  performance  of  the 
detected  signal.  The  frequency  of  the  mm-wave  can 
be  changed  by  adjusting  the  reference  frequency  out¬ 
put  from  the  signal  generator  (SGI).  The  fiber  length 
and  the  data-rate  were  16  km  and  156  Mbit/s,  respec¬ 
tively.  The  BER  performances  for  the  cases  of  55,  56, 
57,  58,  and  59  GHz  are  shown  in  Fig.  6b.  In  all  cases, 
we  confirmed  that  BER  could  be  less  than  10"9.  The 
power  penalty  was  increased  for  the  higher  central 
frequencies  of  the  mm-wave  signals  because  the  am¬ 
plification  coefficient  of  the  front-end  mm-wave  am¬ 
plifier  was  degraded  as  the  frequency  was  increased 
and  was  extremely  low  over  60.5  GHz.  Then  the  tun¬ 
ability  of  the  mm-wave  generated  was  confirmed  for 
the  data  transmission.  We  believe  that  the  tunability 
can  be  maintained  in  the  range  over  60  GHz  [6]  if  the 
detection  circuit  is  free  from  the  bandwidth  limi¬ 
tation. 

Finally,  reduction  of  the  reference  frequency  for  the 
master  source  was  tested.  Figures  7a  and  7b  show  the 
optical  spectrum  and  the  received  eye-pattem  where 
the  reference  frequency,  the  power  of  the  reference 
signal,  the  length  of  the  fiber,  and  the  data-rate  were 
15  GHz,  +15  dBm,  16km  and  156  Mbit/s,  respec¬ 
tively.  Stable  locking  for  data  transmission  was  main¬ 
tained  by  increasing  the  injection  current  into  the  F-P 
laser,  namely  the  Q-value  of  the  slave  laser,  although 
the  optical  power  ratio  of  the  1st  subharmonics  to  the 
2nd  subharmonics  at  the  modulator  output  was  about 
7.0  dB  (not  shown).  The  injection  current  of  the  F-P 
laser  was  62  mA,  which  corresponded  to  about  1.4 
times  the  threshold  current.  In  this  condition,  BER 
could  be  less  than  10'9.  Due  to  the  fiber 
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Fig.  6a  BER  performance  1  Fig.  6b  BER  performance  2 


Mil  Mil  1*1 


Optical  Wavelength  (nm) 


Fig.  7a  Slave  laser’s  spectrum  Fig.  7b  1 56  Mbit/s 
(reference  ffequency=15  GHz)  eye-pattern 


chromatic  dispersion,  the  60  GHz  signals  emerging 
from  the  two  pairs  of  the  1st  and  the  3rd  subharmonics 
may  affect  the  BER  performance  of  the  received  sig¬ 
nal  which  is  generated  by  the  locked  modes.  The  op¬ 
tical  power  penalty  caused  by  interference  among  the 
60  GHz  components  was  estimated  about  1.8  dB 
from  the  optical  spectrum  of  Fig.  7a.  Accordingly,  an 
optical  narrow-band  filter  such  as  a  fiber-Bragg- 
grating  is  needed  at  the  optical  circulator  output  for 
the  rejection  of  the  ls,or  the  3rd  subharmonics. 

V.  Conclusions 

Ideal  AM  (no  chirping)  for  the  two  locked  modes 
have  been  achieved  by  the  direct  data  modulation  of 
the  F-P  slave  laser  with  low  Q  cavity.  Using  this 
slave  laser’s  modulation,  we  have  successfully  per¬ 
formed  1-  16  km  transmission  of  400  Mbit/s  BPSK 
data  signal  at  2GHz  IF-Band  modulation.  A  tunable 
range  of  55-60  GHz  was  confirmed  by  BER  perform¬ 
ance  of  BPSK  data  transmitted  through  a  1 6  km  fiber. 
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Abstract  This  paper  proposes  a  compact  and  cost 
effective  radio  on  fiber  system  in  buildings  for  cellular 
mobile  communication.  The  radio  on  fiber  system 
supports  triple  bands,  the  800MHz  band  and  the  1.5GHz 
band  for  Personal  Digital  Cellular  and  the  2GHz  band  for 
IMT-2000.  The  system  configuration  and  experimental 
results  are  introduced. 

INTRODUCTION 

The  radio  on  fiber  system  with  Sub-Carrier  Multiplexing 
(SCM)  simplifies  the  distribution  of  RF  signals  to 
provide  Personal  Digital  Cellular  (PDC)  service  in 
previously  blind  areas,  such  as  buildings,  underground 
malls  and  highway  tunnels.  In  buildings,  we  can  create  a 
cost  effective  radio  on  fiber  system  by  adopting  a  multi 
drop  topology  with  Fabry-Perot  Laser  Diode  (FP-LD); 
the  RF  signals  lie  within  two  bands  (800MHz  band  and 
1.5GHz  band)  [1][2].  In  Japan,  third  generation  mobile 
communication  system  (IMT-2000),  which  is  assigned 
the  2GHz  band,  will  be  introduced  in  2001.  To  utilize  the 
optical  fiber  installed  for  PDC  service,  we  have 
developed  a  radio  on  fiber  system  that  can  transmit  in 
triple  bands:  800MHz  band,  1.5GHz  band,  and  2GHz 
band.  The  system  construction,  the  required  performance 
and  measured  performance  are  explained  below. 


SYSTEM  CONSTRUCTION 

The  system  construction  of  the  radio  on  fiber  system  is 
shown  in  figure  1.  The  features  of  this  system  are  as 
follows; 

(1)  uses  multi  drop  topology 

(2)  uses  cost  effective  FP-LD  (convection  cooled) 
without  isolator 

(3)  maximum  number  of  access  units  is  eighteen 

(4) .  triple  band  RF  signals  can  be  transmitted 
Downlink  optical  signal  is  distributed  to  six  access  units 

to  equalize  the  received  optical  power.  The  base  unit  can 
support  three  FP-LDs. 

Each  uplink  uses  three  FP-LDs  with  different  optical 
wavelengths,  and  the  three  wavelengths  are  detected  by 
one  PD  in  the  base  unit  at  the  same  time.  To  improve 
CNR,  we  adopt  spectrum  broadening  with  low  RF 
frequency  intensity  modulation  [3,4]. 

Three  Single  Mode  Fibers  (SMFs)  must  connect  the 
Base  unit  to  the  six  access  units.  If  eighteen  access  units 
are  used,  nine  SMFs  are  required. 

We  can  utilize  already  installed  optical  fiber.  Triple 
band  RF  signals  can  be  transmitted  by  exchanging  the 
base  unit,  access  units,  and  antennas.  Installation  costs 
are  low. 
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SYSTEM  REQUIREMENTS 

Table  1  shows  the  performance  required  of  the  radio  on 
fiber  system.  RF  performance  in  the  800MHz  and 
1.5GHz  bands  is  shown  in  reference  [1][2],  Required  RF 
performance  in  the  2GHz  band  was  set  so  as  to  provide 
the  service  radius  of  one  hundred  meters  with  one  access 
unit.  Twenty  eight  carriers  are  transmitted,  including  four 
carriers  in  the  2GHz  band.  The  radio  on  fiber  system  can 
transmit  triple  band  RF  signals. 

In  IMT-2000  systems,  the  Adjacent  Channel  Leaking 
power  Ratio  (ACLR)  depends  on  third  order  inter 
modulation  distortion  (IM3)  performance.  Increasing  the 
number  of  carrier  degrades  Composite  Triple  Beat  (CTB) 
and  ACLR.  The  degradation  in  CTB  and  ACLR  is 
estimated  to  be  only  1.5dB. 

The  uplink  noise  figure  of  the  radio  on  fiber  system 
degrades  the  received  sensitivity  of  the  IMT-2000 
system.  The  IMT-2000  uplink  received  sensitivity  in  the 
radio  on  fiber  system  is  given  by  equation  (1). 

Pr  -  Pr  +  NFopt-  NFbts  ( 1 ) 

Where  Pr  [dBm]  is  the  uplink  received  sensitivity  of  the 
base  station  without  radio  on  fiber  system,  Pr'  [dBm]  is 
the  uplink  received  sensitivity  of  the  base  station  in  the 
radio  on  fiber  system,  NFbts  [dB]  is  the  noise  figure  of 
the  base  station  and  NFopt  [dB]  is  the  noise  figure  of  the 
radio  on  fiber  system.  If  the  transmitted  information  data 
rate  is  12.2kbps  in  IMT-2000,  uplink  received  sensitivity 
is  -122dBm/4MHz  [3].  The  uplink  received  sensitivity  in 
the  radio  on  fiber  system  is  less  than  -84dBm/4MHz  from 
equation  (1). 

On  the  uplink,  the  maximum  input  power  of  the  access 
unit  is  about  -27dBm  due  to  a  characteristic  of  the 
Japanese  system.  The  channel  adjacent  to  the  IMT-2000 
uplink  band  is  used  by  the  Personal  Handy  phone  System 
(PHS)  band.  Even  if  the  access  unit  receives  a  PHS 


signal,  the  degradation  in  received  sensitivity  caused  by 
IM3  is  negligible.  Required  IM3  must  satisfy  equation 
(2) 

Gopt+kT+NFopt »  IM3  (2) 

Where  kT  is  thermal  noise  (-108dBm/4MHz)  and  Gopt  is 
the  link  gain  of  the  radio  on  fiber  system. 

Photographs  1  and  2  show  the  exterior  of  the  radio  on 
fiber  system.  Base  unit  size  is  W560-H450-T400mm,  and 
access  unit  size  is  W250-H50-T200mm. 

RF  CHARACTERISTICS 

Input  power  vs.  output  power  and  IM3  of  fiber  link  was 
observed.  Figure  2  shows  downlink  IM  characteristic. 
Downlink  CNR  in  the  2GHz  band  exceeds  45dB/4MHz 
and  CTB  is  less  than  -50dBc. 

Figure  3  shows  uplink  characteristics.  Uplink  CNR 
exceeds  45dB/4MHz.  IM3  is  less  than  -70dBc.  When 
transmitting  sixteen  carriers  within  the  800MHz  band, 
eight  carriers  in  the  1.5GHz  band,  and  four  carriers 
within  the  2GHz  band,  the  Adjacent  Channel  Leaking 
power  Ratio  (ACLR)  with  5MHz  channel  spacing  in  the 
2GHz  band  is  less  than  -45dBc.  Figure  4  shows 
transmitted  modulated  2GHz  band  spectrum  of  a  down 
link.  Chip  rate  of  modulated  signal  is  4.096Mcps. 

CONCLUSION 

We  described  a  radio  on  fiber  system  that  can  transmit 
triple  band  RF  signals  to  provide  cellular  service  in 
buildings.  Required  specifications  and  measured 
performance  were  explained.  Number  of  transmitted 
carriers  is  twenty  eight,  including  four  carriers  within  the 
2GHz  band  (IMT-2000).  Downlink  CNR  exceeds 
45dB/4MHz  and  Composite  Triple  Beat  (CTB)  is  less 
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than  -50dBc  and  2  GHz  band  Adjacent  Channel  Leaking 
power  Ratio  (ACLR)  at  5MHz  channel  spacing  is  less 
than  -45dBc. 
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Figure  1.  Construction  of  radio  on  fiber  system  for  triple  band  RF  transmission 


Table  1,  System  requirement  of  radio  on  fiber  system. 
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IMT-2000 
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IMT-2000 
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Photograph  1.  Base  unit  of  radio  on  fiber  system.  Photograph  2.  Access  unit  of  radio  on  fiber  system. 


Figure  2.  2GHz  band  downlink  IM  characteristic  Figure  3.  2GHz  band  uplink  IM  characteristic 

of  radio  on  fiber  system.  of  radio  on  fiber  system. 


H:2.5MHz/div,V:10dB/div 
Figure  4.  Transmitted  downlink  spectrum 
of  IMT-2000  signal. 
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Abstract:  This  paper  presents  error  vector  magnitude  and  bit  error  rate  measurements  for 
the  transmission  of  W-CDMA  signals  over  optical  fibre.  A  prototype  W-CDMA  test  system  in 
combination  with  a  directly  modulated  optical  link  has  been  used  to  establish  the  maximum 
input  power  bounds  for  penalty  free  transmission. 


Introduction 

There  is  an  increasing  demand  for  indoor 
distributed  antenna  systems  (DAS)  for  cellular 
communications  networks  in  order  to  give 
indoor  mobile  subscribers  higher  quality  of 
service  and  to  provide  increased  capacity. 
Good  indoor  coverage  will  be  even  more 
important  for  the  upcoming  third  generation 
radio  systems,  e.g.  the  universal  mobile 
telecommunication  system  (UMTS)  using 
wideband-code  division  multiple  access  (W- 
CDMA),  which  will  enable  subscribers  to  get 
higher  data  rates.  The  cell-size  for  these 
indoor  systems  will  be  small  (picocells)  and 
analogue  optical  feeders  are  an  economical 
and  flexible  way  to  deliver  the  radio  signal  to 
these  cells  from  a  centralised  location. 

Previous  work  has  shown  that  link  distortion 
can  be  kept  within  acceptable  limits,  in  terms 
of  adjacent  channel  power  leakage  ratio 
(ACLR),  as  long  as  input  power  and  fibre 
length  are  kept  below  certain  values  [1],  The 
purpose  of  this  paper  is  to  assess  also  the 
effects  of  link  distortion  on  the  baseband 
signal  in  terms  of  error  vector  magnitude 
(EVM),  signal  to  noise  ratio  (SNR)  and  bit 
error  ratio  (BER).  The  input  power  and  fibre 
length  constraints  imposed  by  these 
parameters  can  then  be  compared  to  those 
imposed  by  ACLR  considerations  to  identify 
which  is  the  main  limiting  factor.  The 
maximum  input  power  is  of  interest  as  it 
determines  the  dynamic  range  of  the  fibre 


radio  system  (the  lower  power  limit  being 
given  by  the  noise  level  of  the  system). 


Experiment 

Figure  1  shows  the  two  experimental  setups 
used  for  measuring  ACLR,  EVM  and  BER.  A 
vector  signal  generator  (SMIQ  from  Rohde  & 
Schwarz)  and  a  prototype  W-CDMA  test 
system  were  used  to  generate  the  W-CDMA 
signals  at  a  carrier  frequency  of  2GHz  with 
bandwidth  of  around  4MHz. 
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Vector  Signal  Analyser 
(ACLR  &  EVM) 


(b) 


X 


PIN  receiver 


T 


inr 


S-SMF  (/  <  25km) 


Tx 


-0 


W-CDMA 

MT 


Figure  1:  Experimental  setups: 

(a)  ACLR  and  EVM 

(b)  BER 


For  both  setups  a  single  channel  was  used 
which  gave  a  peak-to-average  power  ratio  of 
about  6dB.  This  signal  was  fed  into  the  optical 
links  with  various  lengths  of  standard- single 
mode  fibre  (S-SMF).  For  the  ACLR  and  EVM 
measurements,  Figure  1  (a),  the  received 
signal  was  analysed  using  a  vector  signal 
analyser  (FSIQ  from  Rohde  &  Schwarz). 
Recommended  settings  were  used  for  the 
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SMIQ  and  FSIQ,  which  for  back-to-back 
measurements  gave  an  ACLR  and  EVM  of 
less  than  -63dBc  and  1.5%,  respectively.  For 
the  BER  measurement,  Figure  1  (b),  the  signal 
was  generated  by  the  base  station  (BS)  and 
fed  into  the  mobile  terminal  (MT)  of  the  W- 
CDMA  test  system  via  the  optical  link. 

The  broadband  analogue  optical  links  (0.1  to  4 
GHz)  used  in  these  experiments  were  both 
from  Ortel  Corporation.  The  lasers  used  were 
(a)  the  model  10370A  (1550nm  DFB,  output 
power  =  7dBm)  and  (b)  the  model  10340A 
(1310nm  DFB,  output  power  =  3 dBm).  The 
ldB  power  compression  point  and  input  third 
order  intercept  point  of  the  two  lasers  used 
were  very  similar,  according  to  the 
specifications.  The  optical  receiver  for  both 
links  was  the  Ortel  model  10450. 

Results  and  discussion 

Figure  2  shows  the  measured  signal  spectrum 
for  (a),  short  fibre  length  and  low  input  power, 
and  for  (b),  long  fibre  length  and  high  input 
power. 


frequency  (5MHz/div) 


Figure  2:  Signal  spectrum  traces: 

(a)  input  power  =  9dBm,  fibre  length  =  2km 

(b)  input  power  =  17dBm,  fibre  length  =  25km 

The  spectral  regrowth  can  be  clearly  observed 
in  figure  2  (b)  as  a  result  of  the  distortion.  The 
distortion  is  caused  by  two  main  factors;  laser 
nonlinearity  and  the  interaction  between  laser 
chirp  and  fibre  chromatic  dispersion.  ACLR 
and  EVM  were  measured  at  a  wavelength  of  X 
=  1.55pm.  The  effect  of  these  parameters  on 
ACLR  has  been  discussed  previously  [1]. 
From  the  ACLR  measurements  we  could 
establish  the  following  maximum  bounds, 


given  in  table  1  for  the  laser  input  power,  in 
order  to  meet  the  UMTS  downlink  and  uplink 
specifications  [2,  3].  The  values  are  given  for 
the  case  of  32  channels. 


Table  1:  Maximum  input  power  to  meet 
ACLR  specification  for  UMTS 


Distortion  also  causes  problems  at  baseband. 
The  demodulated  signal  can  be  plotted  in  an 
IQ-constellation  diagram.  For  QPSK 
modulation  the  decision  points  occur  in  four 
quadrants.  Figure  3  shows  the  IQ  diagram  for 
(a),  low  input  power  and  short  fibre  length, 
and  (b),  high  input  power  and  long  fibre 
length.  It  can  be  seen  in  Figure  3  (a)  that  the 
spread  around  the  ideal  IQ  points  is  uniformly 
distributed,  indicating  white  noise  as  the  main 
impairment.  In  Figure  3  (b)  the  spread  around 
the  ideal  IQ  points  is  skewed,  indicating 
coloured  noise  which  is  caused  by  nonlinear 
distortion. 


Figure  3:  IQ-constellation  diagram: 

(a)  input  power  =  9dBm,  fibre  length  =  2km 

(b)  input  power  =  17dBm,  fibre  length  =  25km 


The  most  widely  used  modulation  quality 
metric  in  digital  RF  communication  systems 
is  EVM.  EVM  provides  a  way  to  quantify  the 
errors  in  digital  demodulation  and  is  sensitive 
to  any  signal  impairment  that  affects  the 
magnitude  and  phase  trajectory  of  a 
demodulated  signal.  EVM  is  often  more 
convenient  to  measure  compared  with  BER 
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and  can  be  calculated  from  the  measured 
points  in  the  IQ  constellation  diagram.  Figure 
4  shows  how  EVM  varies  with  input  power 
and  fibre  length.  The  following  general 
observations  can  be  made  from  this  figure: 

•  EVM  increases  significantly  for  input 
power  levels  in  excess  of  15dBm  and  fibre 
lengths  >  2km.  The  EVM  increase  is 
mainly  due  to  the  distortion  caused  by  the 
interaction  between  laser  chirp  and  fibre 
chromatic  dispersion. 

•  for  fibre  lengths  <  2km  the  EVM  increase 
is  mainly  determined  by  the  laser 
nonlinearity. 

The  same  trends  have  been  observed  for  the 
ACLR  results  [1]. 


Figure  4:  EVM  rms  value  as  a  function  of 
input  power  for  several  fibre  lengths  (for  a 
single  32  ksps  data  channel). 


EVM  is  related  to  BER  through  SNR.  SNR  is 
given  as  [4] 

SA®  =  -201og(^%0)-j3  (1) 

where  P  is  the  peak-to-average  power  ratio 
(~6dB  for  the  single  channel  case).  Figure  5 
shows  SNR  calculated  using  equation  1  for 
the  EVM  data  given  in  Figure  4. 

For  SNR  values  determined  by  additive  white 
Gaussian  noise  (AWGN),  which  in  our  case  is 
true  for  low  fibre  length  and  low  input 
powers,  the  BER  can  be  directly  related  to  the 
SNR  using  standard  tables  given  in  many 
textbooks  (for  QPSK,  a  SNR  >  15dBm  gives  a 
BER  of  <  10'9).  This  also  assumes  ideal 
matched  filtering.  From  Figure  5,  even  in  the 
case  of  strong  coloured  noise  (for  high  input 
powers  and  long  fibre  lengths),  we  would  not 


expect  to  have  BER  >  10’9  as  the  calculated 
SNR  values  are  high. 

Adding  more  channels  to  the  system  has  the 
effect  of  increasing  the  peak-to-average  power 
ratio  of  the  input  signal  (CREST  factor).  For 
higher  number  of  channels,  e.g.  32  channels, 
the  CREST  factor  can  be  up  to  lOdB  [1].  This 
will  further  reduce  the  SNR  by  4dB.  Adding 
more  than  32  channels  will  not  increase  the 
CREST  factor  significantly. 


8  10  12  14  16  18 


Input  power,  dBm 

Figure  5:  SNR  as  a  function  of  input  power 
for  various  fibre  lengths  (CREST  factor  is 
6dB). 

We  have  also  performed  BER  measurements, 
see  Figure  1  (b),  using  a  prototype  W-CDMA 
test  system.  RAKE  reception  and  despreading 
of  the  W-CDMA  signal  are  performed  in  this 
receiver. 

The  measurement  was  setup  using  2km  of  S- 
SMF  (as  in  most  cases  2km  of  fibre  will  be 
sufficient  for  a  DAS)  and  1310nm  lasers  in 
the  downlink  and  uplink  between  base  station 
and  mobile  terminal.  The  raw  BER  in  the 
downlink  was  measured  on  the  pilot  channel. 
A  single  data  channel  with  a  data  rate  of 
128ksps  was  selected.  The  attenuator  in  front 
of  the  receiver  was  used  to  reduce  and  balance 
the  received  power. 

Figure  6  shows  the  BER  as  a  function  of 
relative  received  power.  The  following  can  be 
noted: 

•  up  to  6dBm  input  power  virtually  no  BER 
penalty  is  observed,  with  respect  to  the 
back-to-back  measurement  using  coax 
cable. 

•  for  12dBm  input  power  the  penalty  is 
~3dB  for  BER  of  10'3. 
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Figure  6:  BER  as  a  function  of  received 
power  for  2km  fibre  length  (for  a  single 
128ksps  data  channel). 

From  the  EVM  measurement  results  we 
would  not  have  expected  to  see  any 
significant  BER  penalty  due  to  the  optical  link 
even  in  the  case  of  high  input  power  to  the 
laser.  The  following  may  explain  the 
differences: 

•  for  high  input  power  the  nonlinear 
distortion  causes  coloured  noise 

•  the  W-CDMA  test  system  and  vector 
analyser  use  different  receivers  which  may 
be  optimised  for  different  operation 
conditions 

•  we  also  have  observed  instantaneous  SNR 
values  giving  a  difference  of  up  to  1 5dB  to 
the  SNRrms  for  high  laser  input  powers 

•  although  the  lasers  had  similar 

specifications,  the  1310nm  laser  is 
expected  to  have  greater  nonlinearity  at 
high  input  power  due  to  its  lower  bias 
current 

However,  if  comparing  BER  with  SNR  the 
processing  gain  has  to  be  considered  too  for 
the  spread  spectrum  system,  which  would  be 
~15dB  for  the  128ksps  channel  (assuming 
white  noise). 

The  main  purpose  of  this  work  is  to  evaluate 
the  input  power  and  fibre  span  limits  for 
penalty  free  W-CDMA  transmission.  We  have 
been  able  to  show  penalty  free  W-CDMA 
signal  transmission  over  2km  of  standard 
single-mode  fibre  for  laser  input  powers 
<  6dBm  using  a  prototype  base  station  and 
mobile  terminal.  The  results  have  shown  that 


the  complex  W-CDMA  receivers  can  be  very 
sensitive  to  nonlinear  distortion. 

For  the  W-CDMA  test  system,  the  maximum 
input  power  to  the  laser  is  limited  by  the 
baseband  distortion.  However,  for  future  W- 
CDMA  systems  (receivers)  we  would  expect 
the  maximum  input  power  that  can  be  applied 
to  the  optical  link  is  determined  by  the  UMTS 
specification  for  adjacent  channel  leakage 
power  ratio,  as  predicted  by  the  ACLR  and 
EVM  measurements. 

Conclusions 

To  the  author’s  knowledge,  this  paper  has 
presented  the  first  experimental  results  of 
penalty-free  W-CDMA  transmission  over 
optical  fibre.  Further  investigations  are  in 
progress  in  order  to  understand  why  W- 
CDMA  receivers  can  be  especially  sensitive 
to  interference  from  nonlinear  distortion. 
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Abstract  Error-free  transmission  of  radio  QPSK 
signals  was  able  to  be  achieved  in  an  optical 
subcarrier  multiple  access  system,  suppressing  optical 
beat  interference  with  over-modulating  Fabry-Perot 
lasers.  Nine  radio  base  stations  with  a  data  rate  of 
12.86  Mbit/s  can  be  multiplexed. 

1.  Introduction 

Fiber-radio  techniques  [1]  offer  many  advantages 
for  broadband  wireless  access  networks  such  as  the 
fixed  wireless  access  (FWA)  system  [2].  These 
techniques  will  make  it  possible  to  process 
complicated  operations  in  a  center  station  (CS),  such 
as  (de)modulation  of  radio  signals  and  channel 
control.  Radio  base  stations  (BSs)  can  be  simply 
constructed  of  antennas,  frequency  up-/down- 
converters  and  an  optical  Tx/Rx.  Among  several 
fiber-optic  networks,  an  subcarrier  multiple  access 
(SCMA)  over  a  passive  optical  network  (PON)  is  a 
promising  architecture  for  a  cost  effective  solution 
[3].  It  is  well  known  that  optical  beat  interference 
(OBI)  [4]  causes  serious  damage  in  the  upstream 
transmission  of  an  optical  SCMA  system.  At  a 
receiver,  OBI  occurs  when  two  or  more  lasers  have 
closely  spaced  wavelengths  and  a  large  amount  of 
noise  is  produced  within  the  signal  bandwidth.  As  a 
means  of  suppressing  OBI,  an  over-modulation 
technique  is  useful  [5].  This  technique  essentially 
consists  of  broadening  optical  spectra  by 
over-modulating  lasers.  The  signal  modulation 


scheme  employed  in  Ref.  [5]  is  frequency-shift 
keying,  which  has  a  constant  envelope.  In  principle, 
this  scheme  causes  no  penalties  due  to  clipping  at 
over-modulating  lasers.  Quadrature  phase-shift 
keying  (QPSK)  signals  used  for  wireless  access 
networks  have  a  greatly  varying  envelope  because  the 
signal  bandwidth  is  limited  by  a  root  roll-off  filter 
(RROF).  It  is  considered  that  nonlinear  processing 
such  as  clipping  causes  penalties  for  envelope- 
varying  signals  due  to  odd-order  distortion  [6]. 
However,  we  found  by  computer  simulations  that 
clipping  at  over-modulating  lasers  does  not  induce 
critical  penalties  for  radio  QPSK  signals. 

In  this  paper,  we  demonstrate  that  radio  QPSK 
signals  can  be  transmitted  in  an  optical  SCMA 
system,  suppressing  OBI  with  the  over-modulation 
technique.  The  optical  dynamic  range  is 
experimentally  examined  and  the  multiple  access 
capability  of  radio  BSs  is  indicated. 

2.  OBI  of  over-modulated  lasers 

We  utilized  a  cost-effective  Fabry-Perot  laser  diode 
(FP-LD)  as  an  upstream  light  source  in  an  optical 
SCMA  system.  One  useful  parameter  in 
characterizing  OBI  between  two  lasers  is  their 
relative  optical  beat  interference  noise  (ROBIN)  [7]. 
ROBIN  is  defined  by  ROBIN  =  <ia>/I\h »  where 
<ia>  is  the  spectrum  density  of  the  noise  current  and 
I\  and  Iz  are  the  received  photo-currents  from  each  of 
the  interfering  lasers.  This  definition  is  analogous  to 
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the  definition  of  relative  intensity  noise  (RIN).  The 
measured  ROBIN  versus  OMI  (optical  modulation 
index)  is  shown  in  Fig.  1.  The  ROBIN  was  generated 
by  the  two  identical  commercial  FP-LDs  with  equal 
mode  spacing.  The  two  FP-LDs  were  modulated  by 
sinusoidal  signals  having  subcarrier  frequencies  of 
400  MHz  and  430  MHz,  respectively.  In  the 
measurement,  the  ROBIN  was  maximized  in  a 
200-MHz  band  by  controlling  the  polarization  and 
the  wavelength  of  the  two  lasers.  We  can  see  that  the 
ROBIN  falls  with  the  increasing  OMI  due  to  laser 
chirping.  It  can  be  seen  that  the  ROBIN  decreases 
more  rapidly  when  the  OMI  exceeds  1.0.  This  is 
because  the  optical  spectra  of  the  two  lasers  are 
broadened  due  to  the  over-modulation. 


0.1  1.0  2.0  5.0 


OMI 

Fig.  1.  ROBIN  performance  against  OMI. 

3.  Simulation  and  experimental  results 


3.1  Computer  Simulation 

The  penalty  due  to  the  over-modulation  technique  of 
radio  QPSK  signals  was  estimated  by  using  computer 
simulation  techniques.  Fig.  2  shows  the  BER 
performance  versus  carrier-to-noise  ratio  (CNR)  with 
OMI  <  1.0  and  OMI  =  2.0.  It  was  found  that  the 
power  penalty  due  to  over-modulation  was  0.5  dB  at 
BER  =  10'5.  From  Fig.  2,  it  is  expected  that  nonlinear 
processing  such  as  clipping  at  over-modulating  lasers 
would  induce  no  critical  penalties  for  radio  QPSK 
signals  such  as  envelope-varying  signals. 
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CNR  [dB] 

Fig.  2.  Simulation  results  of  BER  performance. 

3.2  Experimental  setup 

Fig.  3  shows  our  experimental  setup  for  transmitting 
radio  QPSK  signals  in  an  optical  SCMA  system.  A 
12.86  Mbit/s,  223-l  pseudo-random-bit  sequence 
from  a  bit  error  rate  test  set  (BERTS)  was  sent  to 


Fig.3.  The  experimantal  setup  (a  :  QPSK  signal  waveform,  b  :  optical  signal  envelope, 


c  :  QPSK  signal  waveform  from  LD#1). 
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each  QPSK  modulator  to  produce  QPSK  signals.  The 
subcarrier  frequencies  for  the  BSs  #1  -  #3  were  set  at 
70  MHz,  100  MHz  and  130  MHz.  The  three  QPSK 
signals  were  passed  through  RROFs  having  a  roll-off 
factor,  a,  of  0.5  and  were  input  to  1.3-fim 
Fabry-Perot  laser  diodes  (LDs)  #1  -#3,  respectively. 
The  LDs  #1  -  #3  were  directly  modulated  with  OMI 
of  0.8  or  2.0.  The  outputs  from  LDs  with  0  dBm 
power  were  combined  via  an  optical  fiber  coupler 
and  were  transmitted  through  18  km  of  single-mode 
fiber  (SMF).  At  the  center  station  (CS),  the  combined 
outputs  were  detected  by  an  optical  receiver  using  a 
pin-PD.  The  three  LDs  were  wavelength-tuned  with 
temperature  controllers  (TCs)  and  polarization- 
aligned  with  polarization  controllers  (PCs)  so  that  the 
maximum  OBI  at  a  subcarrier  frequency  of  70  MHz 
could  be  observed.  After  separating  the  desired  signal 
from  other  signals  by  passing  through  an  RROF,  the 
data  was  recovered  with  coherent  detection  at  a 
QPSK  demodulator.  The  bit  error  rate  (BER) 
performance  was  measured  by  the  BERTS  under 
several  OBI  conditions. 

3.3  BER  performance  in  the  presence  of  OBI 

Fig.  4  shows  the  BER  performance  versus  the 
received  optical  power  from  LD  #1  and  the  received 
subcarrier  signal  spectra  in  the  presence  of  OBI 
among  the  three  LDs  with  OMI  =  0.8  or  2.0.  The 
measuring  conditions  were:  with  OBI  present  among 
the  three  LDs;  with  OBI  present  between  the  two 
LDs  (LD#2  and  LD#3)  with  no  OBI;  and  with  no 
OBI  at  the  Back-to-Back  (B-T-B). 

First,  the  receiver  sensitivity  was  improved  by  3.5 
dB  corresponding  to  the  increased  OMI.  The  laser 
bandwidth  was  sufficiently  wider  than  the  subcarrier 
signal  spectra,  so  that  the  lower  side  of  the  signal 
waveform  was  deformed  to  the  square  form,  as 
shown  in  Fig.  3c.  At  this  deformation,  no  critical 
phase  distortion  was  induced  owing  to  the  wide  laser 


bandwidth.  Hence,  radio  QPSK  signals  were  not 
sensitive  to  the  over-modulation  technique. 

Second,  we  found  that  tolerance  for  OBI  with  OMI 
=  2.0  was  much  improved.  With  OMI  =  0.8,  BER 
floors  were  observed  for  the  OBI  between  the  two 
LDs,  and  for  the  OBI  between  the  three  LDs.  On  the 
other  hand,  no  system  impairment  by  OBI  with  OMI 
=  2.0  was  observed.  This  was  due  to  the  suppressed 
OBI  and  the  OMI  gain,  as  shown  in  the  received 
signal  spectra  of  Fig.  4.  In  this  case,  the  OBI  level 
was  decreased  by  5  dB. 
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Received  optical  power  [dBm] 

Fig.  4.  The  BER  under  several  OBI  conditions  and  the 
received  signal  spectra  in  the  presence  of  OBI  among  the 
three  LDs  with  OMI  =  0.8  or  2.0. 

3.4  Optical  dynamic  range 

We  now  show  the  optical  dynamic  range  of  the 
SCMA  system  under  the  condition  in  which  the  OBI 
between  LD  #2  and  #3  was  maximized  and  the 
optical  attenuation,  Patt  (the  optical  attenuator  #2 
shown  in  Fig.  3),  was  varied.  The  BER  performance 
of  the  desired  signal  on  the  70  MHz  band  is  shown  in 
Fig.  5.  The  optical  power  of  LD  #1  can  be  made  5  dB 
weaker  than  those  of  LD  #2  and  #3  when  error-free 
transmission  is  achieved.  The  level  of  OBI  is 
proportional  to  the  square  of  the  received  optical 
power  from  the  lasers  generating  the  OBI.  The 
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maximum  number  of  OBI  is  equal  to  the  number  of 
the  laser  combinations.  Hence,  under  the  assumption 
that  the  received  optical  power  from  each  LD  is  equal 
at  the  CS,  five  BSs  with  OMI  =  2.0  can  be 
multiplexed,  compared  to  two  BSs  with  OMI  =  0.8. 


Fig.  5.  The  BER  performance  as  a  function 


of  Patt. 


Fig.  6.  The  BER  performance  as  a  function 
of  subcarrier  frequencies  at  Patt  =  8  dB. 


3.5  Dependence  of  OBI  on  subcarrier  frequencies 

Fig.  6  shows  the  BER  performance  when  replacing 
the  subcarrier  frequencies  of  100/130  MHz  at  BS  #2 
and  #3  by  500/530  MHz  or  700/730  MHz,  while 
keeping  the  condition  of  Patt  =  8  dB,  as  shown  in  Fig. 
5.  It  was  found  that  the  efficiency  of  suppressing  OBI 


was  dependent  on  subcarrier  frequencies  where  OMI 
was  larger  than  1.0.  We  think  that  the  higher 
subcarrier  frequencies,  the  more  frequently  the 
waveform  goes  under  the  threshold  of  the  LDs. 
Consequently,  the  optical  spectrum  is  broadened  and 
the  OBI  level  can  be  further  decreased.  Fig.  6 
indicates  that  error-free  transmission  can  be  achieved 
at  subcarrier  frequencies  of  700/730  MHz.  This  OBI 
level  at  Patt  =  8  dB  corresponds  to  the  maximum  OBI 
level  among  nine  LDs.  We  assume  that  with  higher 
subcarrier  frequencies  we  can  achieve  an  ever  larger 
optical  dynamic  range. 

4.  Conclusions 

We  have  shown  that  error-free  transmission  of  radio 
QPSK  (quadrature  phase-shift  keying)  signals  was 
able  to  be  achieved  in  an  optical  SCMA  (subcarrier 
multiple  access)  system,  suppressing  OBI  (optical 
beat  interference).  In  the  case  of  over-modulating 
FP-LDs  (Fabry-Perot  laser  diodes),  by  using 
subcarrier  frequencies  of  a  700-MHz  band  with  OMI 
(optical  modulation  index)  =  2.0,  nine  radio  BSs 
(base  stations)  with  a  data  rate  of  12.86  Mbit/s  can  be 
multiplexed.  We  believe  that  the  fiber-radio 
architecture  illustrated  here  provides  a  sufficient  level 
of  performance  for  broadband  wireless  access 
systems  such  as  the  FWA  (fixed  wireless  access). 
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Abstract 

We  propose  an  optical  subcarrier  multiplexing  system 
that  uses  optical  sampling  multiplexer  to  suppress  op¬ 
tical  beat  interference  in  an  up-link.  This  type  of 
interference  can  be  dramatically  suppressed  without 
distorting  the  signal  by  replacing  the  passive  coupler- 
based  multiplexer  in  a  conventional  sub-caxrier  multi¬ 
plexing  system  with  our  proposed  time  sampling  mul¬ 
tiplexer.  We  discuss  from  theoretical  viewpoints  the 
effect  of  our  proposed  multiplexer  on  the  BER,  CNR 
and  CIR  performance. 

1  Introduction 

An  optical  sub-carrier  multiplexing  (SCM)  system  is 
one  cost-effective  solution  to  the  demand  that  optical 
signals  from/to  several  transceivers  are  multiplexed  in¬ 
to  one  fiber  link[l].  Some  wireless  service  provider  us¬ 
ing  radio-on-fiber  technique  seems  fueling  this  demand 
because  of  their  desire  to  reduce  the  number  of  leased 
optical  fiber  links  used  for  their  backbone  networks 
connecting  radio  access  points  and  base  stations. 

The  up-link  performance  of  an  optical  SCM  sys¬ 
tem  is  severely  deteriorated  by  optical  beat  interfer¬ 
ence  (OBI) [3].  This  interference  is  caused  by  the  si¬ 
multaneous  photo-detection  of  several  optical  carriers 
having  wavelengths  that  are  very  closely  spaced.  The 
wavelength  of  a  laser  has  random  characteristics  in  the 
manufacturing  process,  and  furthermore  they  varies 
with  changes  of  temperature.  Thus,  the  OBI  seriously 
damages  the  carried  signals  by  falling  into  the  signal 
band.  Two  kinds  of  scheme  have  already  been  pro¬ 
posed  to  avoid  or  suppress  the  OBI:  wavelength  control 
and  OBI  suppression  by  increasing  an  optical  modula¬ 
tion  index  (OMI)[3].  The  wavelength  control  method 
seems  the  most  reliable  because  the  frequency  of  the 
OBI  can  be  controlled  so  as  not  to  fall  into  the  sig¬ 
nal  band.  However,  the  control  of  a  laser  wavelength 
requires  very  expensive  and  complicated  control  sys¬ 
tems  such  as  an  optical  phase  lock  loop.  In  comparison 
with  this  method,  the  OBI  suppression  by  increasing 
the  OMI  is  a  very  cost-effective  solution.  Just  increas¬ 


ing  the  OMI  causes  the  optical  spectrum  to  spread  and 
reduces  the  peak  power  of  the  OBI.  However  an  OMI 
near  or  over  100%  causes  serious  non-linear  distortion 
to  the  amplitude  of  carried  signals.  Thus,  this  method 
cannot  be  applied  to  optical  transmission  systems  car¬ 
rying  amplitude  modulated  signals,  such  as  quadrature 
amplitude  modulation  (QAM)  or  multi-carrier  signals. 

To  solve  the  above  problems,  we  proposes  an  optical 
sub-carrier  multiplexing  system  that  uses  a  sampling 
multiplexing  technique.  This  system  suppresses  the 
OBI  and  can  be  applied  to  transfer  any  modulation 
format.  The  system  can  be  created  by  a  very  simple 
modification  of  a  conventional  optical  SCM  system. 
You  only  need  to  replace  the  passive  coupler-based 
multiplexer  used  at  the  multiplexing  point  with  our 
proposed  optical  time-sampling  multiplexer.  No  mod¬ 
ification  is  needed  at  the  remote  access  points  and  the 
base  station.  In  the  following  sections,  we  discuss  the 
effect  of  the  sampling  multiplexer  on  the  BER,  CNR 
and  CIR  performance  from  theoretical  viewpoints. 

2  System  concept  and  configu¬ 
ration 

Figure  1  shows  the  configuration  of  an  optical  SCM 
radio-on-fiber  system  using  an  optical  sampling  mul¬ 
tiplexer  in  the  up-link.  The  system  is  composed  of 
remote  access  points  (RAPs),  the  base  station  (BS), 
the  sampling  multiplexer,  and  fiber  links  to  connect 
them. 

We  propose  using  the  optical  sampling  multiplexer 
to  multiplex  signals  from  several  RAPs.  Note:  if  we 
use  a  passive  coupler  as  a  multiplexer,  the  system  is  the 
same  as  a  conventional  optical  SCM  system.  The  RAP 
has  functions  of  frequency  and  E/O  conversion.  The 
laser  diode  (E/O)  is  directly  modulated  by  a  subcax- 
rier  signal,  whose  frequency  is  different  for  each  RAP. 
The  BS  has  functions  of  photodetecting  (PD),  band¬ 
pass  filtering  (BPF)  for  each  subcarrier  band,  and  de¬ 
modulating  (DEM).  As  shown  in  Fig.  1,  the  sampling 
multiplexer  uses  rotary-type  optical  switching,  i.e.  the 
continuous  intensity  modulated  signals  from  the  RAPs 
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Figure  1:  System  configuration 
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(a)  spectrum  of  sampled  and  multiplexed  signals 

Figure  2:  spectrum  features  of  subcarriers  before  and 
after  sampling  multiplexing  (3  channels) 


are  sampled,  converted  into  pulses,  and  then  relayed  to 
the  BS  in  different  time  slots.  Because  of  this  type  of 
switching,  the  photodetector  at  the  BS  will  not  detect 
more  than  one  signal  at  a  time.  Therefore,  in  principle 
an  OBI  is  not  generated  if  we  can  achieve  ideal  100% 
switching  isolation.  The  multiplexed  signal  format  of 
the  multiplexer  output  is  similar  to  that  of  an  optical 
time  division  multiplexing  signal.  However,  very  high 
switching  isolation  between  channels  is  not  required, 
and  no  time  synchronization  and  demultiplexing  in  the 
time  domain  is  not  required  because  the  demultiplex¬ 
ing  is  performed  in  the  electrical  subcarrier  frequency 
domain. 

Figure  2  shows  the  spectrum  feature  of  the  subcarri¬ 
ers  before  and  after  the  sampling  multiplexing,  assum¬ 
ing  that  three  channels  are  multiplexed.  The  sampling 
generates  new  periodic  spectrum  components  in  the 
upper  and  lower  side  bands.  Their  spacing  is  the  same 
as  the  sampling  frequency,  f, .  Therefore,  the  sampling 
repetition  frequency,  f, ,  has  to  be  higher  than  the  total 
occupied  bandwidth  of  the  subcarriers  to  avoid  gener¬ 
ation  of  the  by-product  frequency  component  that  fall¬ 


s  into  the  signal  band.  We  recommend  using  a  pulse 
width  per  optical  channel,  r,  that  is  less  than  l/{f,  M), 
where  M  is  the  number  of  channels.  Actually,  even  if 
an  overlap  of  pulses  or  a  power  leak  between  channel- 
s  occurs,  they  do  not  create  any  serious  interference 
between  channels,  but  low  channel  isolation  in  time 
domain  reduces  the  suppressive  effect  of  the  OBI. 

3  Theoretical  analysis  of  CIR 
and  CNR  performance 

In  this  section,  we  analyze  the  CIR  and  CNR  perfor¬ 
mance  of  the  regenerated  subcarrier  signal  at  the  BS. 
We  assume  here  that  one  subcarrier  signal  modulates 
the  laser  with  the  same  OMI  for  all  RAPs. 

The  subcarrier  signal  is  regenerated  at  the  BS  af¬ 
ter  the  photodetection  and  bandpass  filtering  of  the 
received  sampled  signals.  The  regenerated  subcar¬ 
rier  signal  power  is  characterized  by  the  parameter 
D(=  f,r)[ 5]  and  given  by 

Psig  =  R2mi(PoL0D)2 /2,  (1) 

where  R,  m,  Pa,  and  La  are  respectively  the  photo- 
detector  responsivity,  the  OMI,  the  average  laser  pow¬ 
er,  and  the  transmission  loss.  In  the  equation,  L0  rep¬ 
resents  the  fixed  insertion  loss  of  the  sampling  mul¬ 
tiplexer  and  the  fiber  links.  The  signal  power  in  a 
conventional  optical  SCM  link  can  be  obtained  from 
Eq.  (1)  by  substituting  1  for  D  and  increasing  the 
transmission  loss,  La ,  by  1/M.  The  loss  of  the  sam¬ 
pling  multiplexer  may  be  lower  than  that  of  a  passive 
optical  coupler.  However,  D  should  be  inversely  pro¬ 
portional  to  the  number  of  optical  channels.  Thus, 
you  can  see  that  the  proposed  scheme  suffers  from  a 
signal  power  penalty  of  2  x  the  insertion  loss  (dB)  of 
the  sampling  multiplexer  from  a  rough  estimation. 

To  obtain  the  equation  giving  the  OBI  power,  we 
assume  the  spectrum  of  the  intensity  modulated  opti¬ 
cal  carrier.  The  optical  spectral  features  under  direct 
modulation  are  dominated  by  the  optical  frequency 
modulation  (FM)  with  the  intensity  modulation  (IM) 
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adding  a  small  asymmetry[4].  Since  the  effect  of  IM  on 
the  spectral  shape  is  so  much  smaller,  we  can  neglec- 
t  it.  For  two  lasers  i  and  j,  the  possible  interference 
power,  Pint,  is  given  by  [3] 

Pint  =  r R2 Poi Poj  Jl{Pi)Ji  (/3; ) ; 

{k,l  G  -oo - 1, 0, 1 - 1-  oo},  (2) 

where  T  is  the  fraction  of  beat  power  that  falls  into  a 
subcarrier  band,  and  /3  is  the  effective  FM  index.  The 
FM  index  is  related  to  linewidth  enhancement  factor, 
a,  by 

ft  k  ma/2.  (3) 


In  our  proposed  system,  we  have  also  to  consider 
the  affection  of  the  time  sampling  and  the  switching 
isolation  between  the  channels.  Let  R,(<  1.0)  be  the 
isolation  of  each  switching  path,  the  Pint  resulting 
from  the  two  lasers  is  given  by 


Pint  =  TR2D2RlPoiPojj2mJ?(Pj)l 

{k,l  6  -oo - 1, 0, 1 - f  oo}  (4) 

From  equations  (1)  and  (4),  the  CIR  is  given  by 


CIR  = 


2TR,J2(ma/2)J2(ma/2) ' 


(5) 


Equation  (5)  indicates  that  the  CIR  improves  in  pro¬ 
portion  to  the  isolation  of  the  sampling  multiplexer. 
If  the  sampling  multiplexer  works  as  an  ideal  optical 
switch  ( R,  =  0),  no  OBI  is  generated.  In  the  case  of 
R,  =  1,  this  corresponds  to  the  representation  of  the 
CIR  for  a  conventional  system. 

Regarding  the  CNR  performance,  the  effect  of  time 
sampling  on  noise  power  has  been  studied  in  [5],  and 
it  reported  that  the  power  level  of  time-sampled-white 
noise  is  reduced  by  the  factor  of  D.  Considering  that 
multiple  channels  are  simultaneously  photodetected  in 
our  proposed  system,  the  CNR  of  the  subcarrier  after 
photodetection  is  given  by 

CNR,  ample  — 

_ R2m2(P0L0D)2/ 2 _ 

[RIN{RP0L0y  +  2eRP0L0]DMBr  +  ’ 

where  RIN,  e,  T,  kb,  F,  and  Rpd  are,  respectively,  the 
relative  intensity  noise,  the  electron  charge,  the  noise 
temperature,  the  Boltzmann  constant,  the  noise  figure 
of  the  receiver,  and  the  load  resistance  of  the  photo- 
detector. 


4  Numerical  results  for  BER, 
CNR  and  minimum  CIR  per¬ 
formance 

We  first  investigated  the  fundamental  effect  of  the 
sampling  multiplexer  on  a  bit  error  rate  (BER)  char¬ 
acteristics  by  a  simple  simulation  study  assuming  a 


multiplexing  of  4  subcarrier  channels  of  i6QAM  sig¬ 
nal  format.  Figure  3  shows  the  BER  vs.  Eb/Na  where 
it  is  assumed  that  no  noise  is  generated  by  an  optical 
link  and  only  the  effect  of  the  sampling  is  considered. 
Ei/No  is  defined  as  that  just  before  the  E/O  conver¬ 
sion.  The  theoretical  results  and  simulated  results  are 
shown  in  the  figure  for  different  switching  isolation. 

Figure  3  shows  that  the  use  of  sampling  multiplexer 
suffers  6  dB  power  penalty  in  the  link  design  before 
E/O  conversion,  for  example,  wireless  up-link  design 
in  the  radio-on-fiber  applications.  The  reasons  of  this 
result  are  that  the  sampling  process  reduces  the  white 
noise  level  only  by  D  —  1/M,  while  a  conventional 
method  using  a  coupler  reduces  it  by  (1/M)2.  There¬ 
fore,  in  the  condition  that  the  noise  power  generated 
before  E/O  conversion  dominates  the  total  SCM  sys¬ 
tem  performance,  our  proposed  system  suffers  a  power 
penalty  of  1/M.  However,  as  shown  in  the  following 
results,  the  total  link  of  a  SCM  system  is  dominated 
by  a  serious  OBI  and  we  have  an  idea  that  the  sup¬ 
pression  of  the  OBI  is  an  important  subject  even  if 
some  degradation  of  CNR  is  sacrificed. 
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Figure  3:  Effect  of  the  sampling  multiplexor  on  BER 
characteristics 


Table  1  shows  the  parameters  used  to  obtain  the  fol¬ 
lowing  numerical  results.  Figure  4  shows  the  received 
CNR  performance  versus  the  number  of  multiplexed 
optical  channels  for  different  OMIs  (25%  and  50%  ). 
The  results  of  the  conventional  system  is  also  shown  in 
the  figure.  The  proposed  system  has  a  CNR  penalty 
of  around  8  dB  when  there  are  more  than  ten  channels 
due  to  the  effect  of  the  sampling  multiplexer.  However, 
the  CNR  performance  is  more  than  20  dB  for  the  pro¬ 
posed  system  even  when  10  channels  are  multiplexed. 
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Table  1:  Parameters  used  in  calculations 


Bandwidth  of  subcarrier  Br 

58.5  MHz 

Laser  power  PQ 

10  mW 

Optical  transmission  loss  L0 

12  dB 

(multiplexer  insertion  loss  ) 

(5  dB) 

E/O  efficiency 

0.24  W/A 

PD  efficiency 

0.7  A/W 

RIN 

-150  dB/Hz 

Linewidth  enhancement  factor 

6 

Noise  figure  of  receiver 

5  [dB] 

Figure  4:  CNR  performance  versus  the  number  of  mul¬ 
tiplexed  optical  channels 


Figure  5  shows  the  CNR  and  the  minimum  CIR  per¬ 
formance  vs.  the  OMI.  The  multiplexing  of  ten  chan¬ 
nels  is  assumed  in  the  calculation  of  the  CNR,  while 
the  minimum  CIR  is  given  by  the  minimum  value  in 
Eq.  (5),  in  fill  combinations  of  k  and  l. 

You  can  see  from  the  figure  that  the  link  perfor¬ 
mance  is  limited  by  the  minimum  CIR.  The  minimum 
CIR  can  be  improved  by  increasing  the  OMI.  However, 
you  see  from  the  figure  that  even  if  we  used  an  OMI 
of  100%,  the  minimum  CIR  would  be  still  less  than 
15  dB  in  a  conventional  system  (w /  sampling  MUX). 
For  example,  a  16QAM  modulation  signal  requires  a 
CNR  and  CIR  of  more  than  about  20  dB  to  obtain 
a  BER  performance  of  10~4.  Because  an  amplitude 
modulation  signal  like  QAM  signal  must  be  operated 
with  some  back-off  from  the  saturation  level,  increas¬ 
ing  the  OMI  is  not  effective  for  use  in  radio-on-fiber 
transmission  of  QAM  modulation  signals. 

By  using  the  proposed  sampling  multiplexer,  the  0- 
BI  can  be  suppressed  by  the  same  value  as  the  isolation 
of  the  sampling  multiplexer,  as  discussed  in  Sec.  3. 
Figure  5  shows  that  the  minimum  CIR  is  improved  by 
20  dB  by  using  the  sampling  multiplexer  at  an  switch¬ 
ing  isolation  of  20  dB,  and  a  minimum  CIR  of  more 


Figure  5:  CNR  and  minimum  CIR  performance  versus 
OMI 


than  20  dB  can  be  obtained  even  when  we  use  an  OMI 
of  50%. 

5  Conclusion 

The  use  of  an  optical  sampling  multiplexer  was  pro¬ 
posed  as  a  method  to  couple  signals  in  an  optical  sub¬ 
carrier  multiplexing  system.  With  the  proposed  sys¬ 
tem,  the  minimum  CIR  can  be  suppressed  by  the  same 
value  as  the  switching  isolation  at  the  sacrifice  of  some 
CNR  degradation. 
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ABSTRACT:  We  investigate  analytically  and 
experimentally  optical  crosstalk  effects  in  fibre- 
radio  systems  incorporating  wavelength-division 
multiplexing.  Both  in-band  and  out-of-band 
crosstalk  are  considered  and  the  effect  of  the  RF 
phase  difference  between  the  desired  and  crosstalk 
channels  investigated.  It  is  found  that  in-band 
incoherent  crosstalk-induced  power  penalties  are 
less  severe  than  in  conventional  baseband 
transmission. 

1  Introduction 

The  fibre-radio  concept  allows  the 
distribution  of  broadband  wireless  signals  between 
a  large  number  of  antenna  base  stations  (BSs)  and 
central  office  (CO)  over  optical  fibre  [1]. 
Typically  in  these  networks  radio  signals  are 
transported  over  the  optical  fibre  as  either 
intermediate  frequency  (IF)  or  radio  frequency 
(RF).  The  application  of  optical  networking 
concepts  to  fibre-radio  systems  has  recently  been 
proposed  [2-5],  The  use  of  wavelength  division 
multiplexing  (WDM)  can  simplify  the  network 
architecture  using  wavelengths  to  feed  different 
antenna  BSs,  can  support  multiple  interactive 
services  on  one  fibre,  and  can  greatly  simplify 
network  upgrades. 

In  any  optical  network  incorporating 
WDM,  optical  crosstalk  occurs  due  to  imperfect 
optical  components  and  leads  to  unwanted 
wavelengths  interfering  with  the  desired  optical 
channel.  The  impact  of  optical  crosstalk  in  the 
context  of  baseband  optical  transmission  has  been 
actively  investigated  [6-7].  These  studies  have 
shown  that  optical  crosstalk  can  lead  to  severe 
system  performance  impairments  such  as  power 
penalties  and  bit-error-rate  (BER)  floors.  Previous 
investigations  of  fibre-radio  systems  incorporating 
WDM  have  considered  possible  network 
architectures  and  experimental  implementations 
[2-5].  In  addition,  Griffin  et.  al.  [4]  have  examined 
the  effect  of  crosstalk  resulting  from  the  modulator 
nonlinearity  in  a  fibre-radio  system  operating  at 
millimetre-wave  frequencies.  In  this  paper  we 
present  an  analytical  formulation  for  optical 
crosstalk  effects  in  fibre-radio  systems  which  can 
account  for  all  potential  sources  of  crosstalk.  Both 
in-band  and  out-of-band  crosstalk  are  considered 
and  the  model  is  confirmed  by  experiment. 


Fig.  1  Typical  fibre-radio  WDM  ring  network 


2  Fibre-Radio  Architecture 

Fig.  1  shows  an  architecture  for  a  typical 
fibre-radio  system  based  on  a  WDM  ring  network. 
A  CO  distributes  a  number  of  wavelengths  each 
carrying  multiple  modulated  RF  subcarriers.  The 
ring  topology  allows  the  allocation  of  a  single 
wavelength  to  a  particular  BS  and  the  wavelength 
routing  is  enabled  via  optical  add-drop 
multiplexers  (OADMs).  Upstream  signal 
transmission  is  achieved  by  modulating  upstream 
radio  signals  onto  an  optical  carrier  at  the  same  BS 
wavelength,  and  adding  it  back  into  the  ring  via 
the  OADM.  As  can  be  seen  from  the  ring 
topology,  two  types  of  crosstalk  can  arise,  namely 
in-band  (homodyne)  crosstalk  and  out-of-band 
(heterodyne)  crosstalk.  In-band  crosstalk  is  at  the 
same  wavelength  as  the  signal  and  occurs  either 
when  the  ‘add’  wavelength  or  a  reflected/delayed 
version  of  the  dropped  wavelength  is  present  at  the 
dropped  channel.  Meanwhile  out-of-band  crosstalk 
is  by  definition  at  a  different  wavelength  and 
occurs  when  part  of  the  ‘through’  wavelengths 
appear  at  the  ‘dropped’  channel. 

In  the  case  of  in-band  crosstalk,  the 
crosstalk  can  be  both  coherent  or  incoherent. 
Coherent  crosstalk  occurs  when  the  crosstalk 
signal  is  a  delayed  version  of  the  dropped  channel, 
due  to  reflections  or  path  delays  in  optical 
components,  and  the  path  length  difference  is  less 
than  the  coherence  length  of  the  optical  signal.  If 
the  path  length  difference  is  greater  than  the 
coherence  length  or  the  crosstalk  signal  arises 
from  leakage  of  the  ‘add’  wavelength  (where  the 
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optical  source  providing  the  ‘add’  wavelength  is 
different  to  that  supplying  the  ‘drop’  wavelength), 
then  the  in-band  crosstalk  is  also  incoherent. 
Meanwhile,  out-of-band  crosstalk  resulting  from 
unwanted  WDM  channels  arising  from  different 
optical  sources  being  present  at  the  receiver,  is 
inherently  incoherent.  In  order  to  investigate 
crosstalk  effects  in  fibre-radio  systems  which 
transport  RF  carriers,  the  electrical  phase  of  the 
modulated  RF  signal  must  also  be  taken  into 
account  in  addition  to  the  optical  phase  of  the 
desired  channel  and  crosstalk  signal. 

3  In-band  Crosstalk 

In  order  to  investigate  the  effect  of  optical 
crosstalk  in  fibre-radio  systems,  a  simple  analytical 
model  was  developed  for  both  in-band  and  out-of- 
band  crosstalk.  The  model  includes  the  simple 
case  of  one  wavelength  channel  and  one 
interfering  crosstalk  signal.  For  an  intensity 
modulation  direct-detection  system  where  a 
modulated  subcarrier  frequency  0Mf  is  applied  to 
an  external  modulator,  the  desired  and  in-band 
crosstalk  optical  signals  can  be  represented  as: 

£,  (/)  =  £j  cos(ax  +  9i  )[1  +  m,  cos(dJw, t  +  <px)\ 

E2  (t)  =  jxEl  cos(6*  +  <92)[l  +  m2  cos(fl>„,<  +  02)]  (1) 

where  Ej,  E2  are  the  electric  fields  of  the  optical 
signals,  0)  is  the  optical  frequency,  m.\  and  m2  are 
modulation  indices,  x  is  the  optical  crosstalk 
power  ratio,  0 1  and  02  represent  the  optical  phase, 
and  <j> i ,  <t>2  are  the  electrical  phases.  If  the  in-band 
crosstalk  is  also  coherent,  then  a  fixed  relationship 
exists  between  the  two  optical  phase  angles  and 
the  two  electrical  phase  angles. 

The  effect  of  the  optical  crosstalk  signal  is 
to  produce  an  additional  unwanted  RF  signal 
component  at  corf  upon  detection.  The  detected 
photocurrent  1  is  proportional  to  the  square  of  the 
electric  field  via: 

7~  (£’)  =  (£, +£2)2  (2) 

The  presence  of  two  different  signals  at  the  same 
optical  wavelength  results  in  the  following 
frequency  components  at  (0^: 

I(a>Rf  )°c  mt  cos (a>„t  +  h) 

+  xm2  cos (co^i  +  <p2)  +  -Jx  cos(0,  - 6  2 ) 

x[m,  cos(ft)^t  +  ^l)  +  w2cos(ftJ/iFr  +  ^2)]  (3) 

The  first  two  terms  in  Eqn.  3  represent  the 
recovered  c%-  frequencies  from  the  optical  channel 
and  the  crosstalk  signals  themselves,  respectively, 
while  the  last  two  terms  are  due  to  intermixing  of 
the  two  optical  carriers  with  the  modulation 
sidebands  of  the  other  signal. 

If  the  RF  subcarrier  at  (Orf  is  modulated 
with  data  in  binary  phase  shift  key  (BPSK)  format, 
a  phase-locked  loop  (PLL)  must  be  employed  to 
recover  the  data.  This  PLL  must  be  locked  to  the 
phase  of  the  wanted  channel,  i.e.  (j)h  The  signal 
waveform  of  the  downconverted  data  channel 
(using  a  PLL)  can  then  be  represented  by: 


=  /(<»„)  cos  (av+0,) 
oc  mt  (1  +  -Jx  cos(0,  -02  ) 

+  m2Vxcos(0l  -<p2  )[Vx  +  cos(6>,  -02  )] 

=  m,  [1  +  -Jx  cos(A#)] 

+  m2  ->[x  cos(A <t>)[-Jx  +  cos(A#)]  (4) 

where  A<p  =  <pi~<p2  is  the  RF  phase  difference 
between  the  desired  channel  and  crosstalk  signal, 
and  Ad  =  0i~02  is  the  optical  phase  difference 
between  the  two  optical  carriers.  Eqn.  4  shows 
that  due  to  the  multiplication  effect  of  the  PLL,  the 
mixing  products  arising  from  the  crosstalk  signal 
itself  and  intermixing  terms  due  to  the  signal 
carrier  and  crosstalk  sidebands  beating  are 
multiplied  by  cos(Aip).  This  RF  phase  difference  is 
clearly  crucial  since  orthogonal  RF  carriers  are 
rejected  by  the  PLL. 

We  assume  that  m /  =  m2  and  the 
modulation  format  is  BPSK.  Assuming  only 
Gaussian  thermal  receiver  noise  allows  use  of  the 
complementary  error  function  to  calculate  the  BER 
[8]: 

BER  =  Erfc(QI  -Jlo)  (5) 

where  Q  -  (I /  a)  (decision  threshold  =  0)  and  a 
is  the  standard  deviation  of  the  Gaussian  thermal 
noise.  When  both  the  signal  and  crosstalk  are 
present,  I  will  vary  depending  on  the  four  equi- 
probable  logic  bit  combinations:  00,  01,  10  and  11. 
The  average  BER  for  a  given  crosstalk  power  ratio 
(x),  optical  phase  difference  (AO)  and  RF  phase 
difference  (A(j))  as  well  as  signal  power  can  then  be 
calculated  using  Eqns.  4  and  5.  In  the  case  of 
coherent  crosstalk,  AO  will  be  constant. 
Meanwhile  incoherent  crosstalk  will  lead  to  a 
stochastically  varying  AO  (uniformly  distributed 
between  0  and  2n)  which  therefore  requires  the 
averaging  of  BER  over  AO.  By  varying  the  signal 
power  and  the  crosstalk  ratio,  a  set  of  BER  curves 
can  be  obtained  and  optical  power  penalties  for  a 
BER  =  10'9  calculated. 

Fig.  2  shows  the  in-band  incoherent 
crosstalk  predicted  using  the  analytical  model,  as  a 
function  of  crosstalk  level  for  A(p  =  0,  7t/4,  and 
%I2.  In  Fig.  2,  the  crosstalk  ratio  varies  from  -20 
dB  to  0  dB.  In  a  single  OADM,  the  ‘add’-‘drop’ 
in-band  crosstalk  is  in  the  order  of  -30  dB  or 
better,  while  rejection  of  out-of-band  WDM 
channels  is  typically  -20  to  -30  dB.  However  the 
crosstalk  levels  can  rapidly  increase  in  a  cascaded 
system  of  OADMs.  For  comparison,  Fig.  2  also 
plots  the  predicted  power  penalty  for  baseband 
data  transmission.  These  results  show  that  the 
power  penalties  arising  from  in-band  crosstalk  can 
vary  depending  on  the  RF  phase  difference 
between  the  crosstalk  and  desired  signals.  For 
example,  at  a  crosstalk  level  of  -12  dB,  the  power 
penalty  is  reduced  by  ~1.5  dB  when  A(p\s  changed 
from  0  to  rc/2.  This  is  to  be  expected  as  the  full 
crosstalk  signal  amplitude  is  recovered  by  the  PLL 
when  A<p  -  0.  The  difference  in  power  penalties 
also  increases  with  increasing  x  (e.g.  -4  dB  at  a 
crosstalk  level  of  -4  dB).  Fig.  2  also  shows  that 
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Fig.  2  Predicted  optical  power  penalty  versus  optical 
crosstalk  ratio  due  to  in-band  incoherent  crosstalk 


the  crosstalk-induced  optical  power  penalty  is 
significantly  worse  in  the  case  of  baseband  data 
transmission.  This  is  due  to  the  effect  of  the 
optical  and  electrical  phase  differences  as  well  as 
the  bipolar  nature  of  the  BPSK  modulation  format. 

In  order  to  confirm  the  analytical  model,  a 
commercially  available  optical  link  design 
simulation  tool  was  used  to  analyse  the  effect  of 
crosstalk.  Fig.  2  also  shows  these  numerical 
simulation  results  of  power  penalty  indicating  that 
very  close  agreement  with  the  analytical  model 
was  obtained.  It  should  be  noted  that  the 
analytical  model  for  in-band  crosstalk  assumes 
polarisation  alignment  of  the  desired  channel  and 
the  crosstalk  signal  thereby  giving  predictions  of 
optical  power  penalties  which  represents  ‘worst- 
case’  scenarios  in  the  network  [9]. 

4  Out-of-band  Crosstalk 

4.1  Analytical  Model 

We  now  consider  crosstalk  arising  from  a 
signal  that  is  at  a  different  wavelength  from  the 
desired  channel  which  can  be  represented  as 
(following  the  previous  analysis): 

E\(t)  =  E \  cosCfiV+fl.Xl  +  w,  cos(avr+ft)] 

E1(t)  =  *fxEl  cos(co2t+d2)[\  + m2  cos(a)RFt  +  <p1 )]  (6) 

where  CO]  and  C0i  represent  the  optical  frequencies 
of  the  desired  channel  and  the  crosstalk  signal, 
respectively.  Ignoring  all  of  the  possible  mixing 
terms  at  frequencies  other  than  cQrf,  we  get: 

I(o}RF)  =  I(eolRF)+I(a1RF) 

°c  m2  cosico^t  +  tp^) 

+  fxm1cos{coRTt  +  <p1)  (7) 

As  before,  recovery  of  BPSK  modulation  using  a 
PLL  will  result  in  the  following  downconverted 
signal: 

=/(*»„)  cos  (»„*  +  *,) 

=  mI+  -fxm1  cos (<j>2  -<p2) 

=  mt  +  fxm2  cos(A0)  (8) 

Comparing  Eqn.  8  to  Eqn.  4  shows  that  out-of- 
band  crosstalk  is  only  influenced  by  the  RF  phase 
difference,  and  therefore  a  potential  reduction  of 
crosstalk  is  possible  when  Atj>  =  %!2. 


Fig.  3  shows  the  predictions  of  the 
analytical  model  for  out-of-band  crosstalk  for  A<p 
=  0, 7t/4  and  rt/2,  as  a  function  of  optical  crosstalk 
ratio.  Also  shown  in  the  figure  is  the  predicted 
power  penalty  for  baseband  transmission.  As  for 
the  case  of  in-band  crosstalk,  the  optical  power 
penalties  for  out-of-band  optical  crosstalk  vary 
with  A<f>,  with  the  largest  power  penalty  occurring 
for  Atp  =  0.  The  actual  power  penalty  for  a 
particular  crosstalk  ratio  however,  is  less  for  out- 
of-band  crosstalk  than  for  the  in-band  case.  For 
example  in  Fig.  3,  at  -12  dB  of  crosstalk,  the 
power  penalty  for  all  values  of  A<p  is  less  than  0.5 
dB.  In  addition,  the  variation  of  power  penalty 
with  A<p  is  reduced  to  less  than  0.25  dB  at  the 
same  crosstalk  level.  Fig.  3  shows  that  for  an  RF 
phase  difference  of  A<p  =  till,  when  the  crosstalk 
signal  is  at  the  same  optical  power  as  the  desired 
channel  (0  dB  of  optical  crosstalk),  the  optical 
power  penalty  is  3  dB.  This  is  as  expected  since 
the  n/2  phase  shift  leads  to  a  cancellation  of  the 
crosstalk  contribution. 

In  contrast  to  the  case  for  in-band  crosstalk 
where  the  optical  power  penalty  for  baseband  data 
transmission  was  significantly  higher  than  for  RF 
subcarrier  transmission  (at  all  crosstalk  ratios), 
Fig.  3  shows  that  out-of-band  crosstalk  induced 
power  penalties  for  baseband  data  transmission  are 
very  similar  to  those  for  RF  subcarrier 
transmission. 


Fig.  3  Theoretical  and  experimental  optical  power 
penalties  due  to  out-of-band  incoherent  crosstalk 

4.2  Experiment 

An  experiment  was  carried  out  in  order  to 
confirm  the  theoretical  predictions  of  out-of-band 
crosstalk.  Fig.  4  shows  the  experimental  setup.  The 
desired  channel  and  crosstalk  signal  are 
implemented  by  two  separate  optical  paths,  each 
comprising  a  distributed  feedback  laser  (k\  = 
1549.4  nm,  X2  =  1550  nm)  and  an  electro-optic 
modulator  (EOM).  Separate  data  channels  at  155 
Mb/s  modulate  an  RF  signal  at  2  GHz  in  BPSK 
modulation  format.  An  RF  phase  shifter  was  used 
to  control  the  RF  phase  difference  between  the 
desired  channel  and  crosstalk  signal.  The  two 
signals  are  coupled  together  and  amplified  using 
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an  erbium-doped  fibre  amplifier  (EDFA)  in  order 
to  compensate  for  losses  in  the  optical  link.  An 
optical  bandpass  filter  (BPF)  with  a  bandwidth  of 
2  nm  was  included  after  the  EDFA  in  order  to 
filter  out  excess  ASE.  At  the  receiver,  the  optical 
signals  are  detected  using  a  p-i-n  photodetector 
(PD)  and  the  same  2  GHz  signal  is  used  to 
downconvert  the  detected  modulated  RF  signals 
and  recover  the  data.  A  bit-error-rate  testset 
(BERT)  measures  the  BER  of  the  recovered  155 
Mb/s  data  as  a  function  of  optical  crosstalk  ratio 
(varied  via  the  optical  attenuator  in  the  optical  path 
of  X2)-  By  measuring  a  BER  curve  at  a  particular 
crosstalk  ratio  and  carrying  out  a  back-to-back 
system  measurement,  the  crosstalk-induced  optical 
power  penalty  could  be  determined.  Fig.  3  shows 
the  measured  optical  power  penalty  at  a  BER  of 
1  O'9  as  a  function  of  optical  crosstalk  ratio,  for  A<p 
=  0,  rc/4  and  Jt/2,  plotted  alongside  the  theoretical 
predictions  for  out-of-band  crosstalk.  The 
measurements  show  very  good  agreement  with 
theory,  with  a  small  discrepancy  between  the  two 
sets  of  results  appearing  at  higher  crosstalk  levels 
(>  -4  dB).  This  is  most  likely  due  to  experimental 
error  and  possible  optical  and  electrical 
nonlinearities  in  the  system. 


EOf  A 


Fig.  4  Experimental  setup  for  measurement  of  out-of- 
band  crosstalk 


5  Discussion  and  Conclusions 

The  predictions  of  in-band  and  out-of-band 
crosstalk  induced  power  penalties  clearly  show 
that  for  fibre-radio  systems  which  employ  RF  over 
fibre  signal  transmission,  the  effect  of  in-band 
crosstalk  is  much  more  significant.  For  example 
when  A<j>  =  n/4,  at  a  crosstalk  ratio  of  -8  dB,  in- 
band  incoherent  crosstalk  causes  an  optical  power 
penalty  of  4  dB,  while  that  due  to  out-of-band 
incoherent  crosstalk  is  only  1  dB.  When 
comparing  the  in-band  crosstalk-induced  penalties 
for  RF  and  baseband  data  transmission,  a  1  dB 
penalty  occurs  at  -17  dB  of  crosstalk  for  BPSK 
data  transmission,  however  the  same  penalty  arises 
at  only  -23  dB  of  crosstalk  in  baseband 
transmission.  This  shows  the  greater  tolerance  to 
the  effect  of  optical  crosstalk  in  RF  over  fibre 


transmission  employing  BPSK  modulation.  In  the 
case  of  out-of-band  crosstalk,  the  crosstalk- 
induced  power  penalties  in  both  the  baseband  and 
RF  over  fibre  transmission  schemes  (for  Atp  =  0) 
are  identical  (-10  dB  of  crosstalk  ratio  giving  a  1 
dB  optical  power  penalty)  with  the  penalty 
reducing  as  A<p  goes  to  tc/2.  While  the  results 
presented  in  Figs.  2  and  3  apply  to  a  single 
interfering  crosstalk  signal,  the  analytical  model 
can  be  extended  to  accommodate  an  increased 
number  of  crosstalk  signals. 

We  have  presented  a  simple  analytical 
model  which  can  predict  optical  power  penalties 
due  to  in-band  and  out-of-band  optical  crosstalk  in 
fibre-radio  systems  employing  WDM.  The  model 
considers  the  case  of  a  single  crosstalk  interfering 
signal,  a  BPSK  modulation  format  for  RF  over 
fibre  transmission  and  also  accounts  for  the  RF 
phase  difference  between  the  desired  channel  and 
crosstalk  signal.  The  model  has  been  validated  by 
measurement  of  out-of-band  crosstalk,  and  future 
experimental  work  will  investigate  in-band 
crosstalk  effects. 
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Abstract:  The  optical  control  of  mm-wave  p- 
HEMTs,  and  their  application  to  self-oscillating 
optoelectronic  mixers  for  fibre  radio  is  reviewed. 

I.  INTRODUCTION 

Millimetre-wave  wireless  systems  are  viewed 
as  a  future  means  of  providing  mobile  users  with  the 
option  of  bit-rate  hungry  applications  such  as  video 
conferencing,  in  addition  to  providing  the  “last  mile” 
delivery  of  broadband  data  and  HDTV  in  urban  areas. 
Of  particular  interest  is  the  band  around  60  GHz  which, 
by  virtue  of  high  atmospheric  absorption,  allows  the 
formation  of  picocells  with  radii  of  the  order  of  100  m. 
These  allow  greater  frequency  reuse  in  addition  to  high 
bandwidths,  which  given  the  congested  spectrum  below 
30  GHz,  will  become  important. 

In  order  to  develop  the  low  cost  infrastructure 
required  for  mm-wave  wireless  systems,  base  stations 
will  have  to  be  mass  produced.  This  entails  a  reduction 
in  base  station  complexity,  which  in  turn  has  spurred  the 
development  of  fibre  radio  [1].  The  basic  principle  of 
fibre  radio  is  to  confine  the  mm-wave  radio  equipment 
at  a  central  office  and  then  distribute  optically  both  the 
mm-wave  carrier  and  the  modulation  to  the  individual 
base  stations,  which  then  provide  the  interface  to  the 
wireless  environment.  Despite  the  conceptual  simplicity 
of  fibre  radio,  and  a  number  of  experimental 
demonstrations  of  it,  consensus  has  yet  to  be  reached  on 
what  the  best  implementation  is.  A  number  of 
architectures  are  available  [2], [3], [4],  and  these  can  be 
implemented  in  many  ways.  There  are  two  schools  of 
thought  on  how  to  proceed  (both  containing  variations 
on  a  theme),  namely: 

(1)  optical  generation  and  transport  of  mm-wave 
signals  at  60  GHz; 

(2)  optical  transport  of  the  data  signals  with  remote 
upconversion  to  60  GHz  at  the  base  stations. 

The  former  is  advantageous  in  that  it  shifts  complexity 
away  from  the  base  stations,  (which  in  their  simplest 
form  contain  mm-wave  photodiodes,  amplifiers  and 
antennas)  and  to  the  central  office.  However,  generation 
of  mm-wave  signals  is  problematic  given  the  inability  of 
laser  diodes  to  be  directly  modulated  much  beyond  30 


GHz.  This  has  led  to  many  different  approaches,  such  as 
heterodyning  [5],  dual  mode  lasers  [6]  and  the  use  of 
external  [7]  and  electro-absorption  modulators  [2]. 
Moreover,  chromatic  dispersion  can  degrade 
performance,  which  requires  more  complicated  schemes 
to  overcome  it  such  as  single  sideband  modulation  [8]. 

In  contrast,  the  remote  upconversion  camp 
advocates  transport  of  data  over  fibre  at  intermediate 
frequencies,  with  the  upconversion  to  60  GHz  being 
carried  out  in  the  base  stations.  The  advantage  is  that 
“off  the  shelf’  optoelectronic  components  can  be  used 
in  the  fibre  backbone  and  the  chromatic  dispersion 
penalty  is  mitigated.  This  is  at  the  expense  of  having  to 
perform  two  new  operations  in  the  base  station: 
generation  of  a  mm-wave  local  oscillator  and  mm-wave 
mixing  (Fig.  1).  However,  it  is  possible  to  accommodate 
these  additional  functions  along  with  photodetection  in 
a  single  device  to  produce  an  optoelectronic  self- 
oscillating  mixer  (OESOM)  [9],[10],[1 1],[12],  In  this 
way,  one  recovers  the  simplicity  and  low  cost  that  is 
required  of  the  base  stations  whilst  also  retaining  the 
simplicity  of  using  the  optical  network  for  data  transport 
alone. 

The  key  to  OESOMs  is  three  terminal  devices 
such  as  MESFETs,  HBTs  and  HEMTs  which  have 
intrinsic  gain  and  photoresponsivity.  Using  optical 
control  techniques  to  provide  a  third  port  and  with 
appropriate  terminating  circuits,  they  can  photodetect  an 
optical  signal  and  simultaneously  upconvert  it  by 
mixing  with  a  self-generated  oscillation. 


Fig.l  Remote  upconverter.  The  components  in 
the  shaded  box  can  be  replaced  with  an 
OESOM. 
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II.  OPTICAL  CONTROL  OF  HEMTs 

High  electron  mobility  transistors  (HEMTs) 
are  good  candidates  for  OESOMs.  Firstly,  they  have 
low  noise  performance  extending  into  the  mm-wave 
region.  Secondly,  they  are  MMIC-compatible,  which 
allows  OESOMs  to  be  produced  in  volume  at  low  cost. 
Finally,  they  can  be  either  GaAs-  or  InP-based,  for 
optical  control  using  short  or  long  wavelengths 
respectively. 

Three  fundamental  physical  effects  occur  in  an 
illuminated  HEMT:  the  photoconductive,  external  and 
internal  photovoltaic  effect  [13],  [14],  In  GaAs  HEMTs, 
light  of  850nm  wavelength  is  only  absorbed  in  the  GaAs 
buffer  layer.  Under  the  influence  of  the  electric  field 
from  the  heterostructure,  the  resulting  photogenerated 
electrons  travel  towards  the  2-DEG  layer  as  shown  in 
Fig.  2.  The  transit  time  is  of  the  order  of  tens  of 
picoseconds  [14].  The  result  is  a  change  in  conductivity 
in  the  GaAs  layer. 


AlGaAs  layer  GaAs  layer 


Fig.  2  Photoabsorption  in  a  HEMT 

Photogenerated  holes  drift  towards  the  GaAs 
substrate  layer,  and  this  results  in  a  positive  charge  build 
up  in  the  substrate/source  electrode  contact.  Charge 
neutrality  is  maintained  by  drawing  in  electrons  from 
the  source  contact.  The  result  is  the  internal 
photovoltaic  effect,  which  has  a  high  gain  but  a  3dB 
bandwidth  of  only  around  25MHz.  The  positive  charge 
build  up  induces  a  internal  photovoltage,  Vph,  which 
tends  to  forward  bias  the  device.  Optical  effects  can  be 
modelled  by  including  an  optical  current  source 
between  drain  and  source  ( [hsph )■  In  the  absence  of  an 
external  resistor  at  the  gate,  this  optical  current  source 
dominates  the  photoresponse.  Neglecting  leakage 
currents  between  the  HEMT  terminals,  IDSph  can  be 
broken  down  into  its  component  currents  [15]: 

I DSph  ^  pc  "I”  I pvi 

where  Ipc  is  the  photocurrent  due  to  the  photoconductive 
effect  and  Ipvi  is  the  contribution  from  the  internal 
photovoltaic  effect.  The  internal  photovoltaic  current, 
Ipv i,  is  related  to  the  photovoltage,  Vph,  via  the 
transconductance  [15]: 


The  external  current  source  (Iosph)  can  be  found  by 
solving  the  transport  properties  of  the  device. 
Alternatively,  the  equivalent  circuit  approach  absorbs 
the  optical  current  sources  into  the  model  and  accounts 
for  their  effects  by  modelling  the  changes  to  the 
equivalent  circuit  of  the  device.  Since  the  optical 
coupling  into  commercially  available  HEMTs  is 
estimated  to  be  around  5%,  the  optical  effects  can  be 
considered  to  be  small-signal.  In  our  work  with  an 
Agilent  Technologies  6x30pm  pHEMT  that  was 
illuminated  by  a  850nm  VCSEL,  on  wafer 
characterisation  was  used  to  minimise  errors  and 
identify  subtle  effects.  An  increase  in  DC  drain-source 
current  of  IDSph  =  4.1mA  occurred  under  illumination. 
The  equivalent  circuit  elements  that  experienced 
significant  changes  due  to  illumination  are  highlighted 
in  Fig.  3  by  dashed  boxes. 


Lg  Rg  Cgd  Rd  Ld 


Fig.  3  Equivalent  circuit  modelling  an  optically 
controlled  HEMT 

The  generation  of  an  internal  photovoltage,  Vph,  and  the 
change  in  the  conductivity  of  the  GaAs  buffer  layer  lead 
to  a  change  in  the  transconductance  (gm)  and  output 
conductance  (Gd<)  as  well  as  gate-source  capacitance 
( Cgs ).  The  dominant  RF  effect  is  the  change  in  the 
magnitude  of  S2\  as  shown  in  Fig.  4,  whereas  the  phase 
of  S2i  is  found  to  be  insensitive  to  illumination. 


|S21| 


Frequency  [GHz] 


Fig.4  Change  in  the  magnitude  of  S2i  due  to 
illumination 
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In  the  absence  of  external  gate  resistance,  the  change  in 
gain  was  1.21dB.  Using  an  external  gate  resistor  can 
increase  the  gain  change  to  a  suitable  value  for  optical 
gain  control  of  a  microwave  amplifier.  However,  the 
time  constant  associated  with  the  gain  control  is  large, 
making  the  circuit  unsuitable  for  high-speed  modulation 
of  gain.  A  more  practical  approach  would  be  to  intensity 
modulate  the  optical  source  at  an  IF  and  use  the  internal 
photovoltaic  effect.  Although  the  internal  photovoltaic 
effect  has  a  3dB  bandwidth  of  around  20-30MHz,  its 
useable  response  from  a  communications  point  of  view 
extends  up  to  around  1GHz.  An  improvement  in  optical 
coupling  would  further  extend  this  useable  bandwidth. 

m.  OPTOELECTRONIC  SELF-OSCILLATING 
MIXERS 


an  injection-locking  signal  could  be  optical  distributed 
to  remote  transceivers. 
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Examples  of  optical  control  include  amplifier 
gain  control,  oscillator  frequency  tuning  and  direct  and 
indirect  optoelectronic  mixing  [16].  In  these  cases,  the 
optical  input  is  used  to  modify  or  control  the 
performance  of  a  single-function  microwave  subsystem. 
However,  with  proper  circuit  design,  it  is  possible  to 
configure  HEMTs  as  self-oscillating  mixers  [17].  Under 
optical  control,  these  will  act  as  OESOMs  that  can  be 
used  in  remote  upcon version  for  fibre  radio.  Fig.  5 
shows  a  MMIC-based  pHEMT  used  as  an  OESOM. 


4x1 5  pm  pHEMT 


Fig.  5  MMIC  OESOM  (2mm  x  1mm) 

This  circuit  oscillated  at  38.37GHz  and  experienced  a 
26MHz  shift  in  oscillation  frequency  under  lmW  of 
illumination  from  a  VCSEL.  The  VCSEL  was  intensity 
modulated  at  an  IF  between  10MHz  and  1GHz  which 
was  mixed  within  the  device  to  generate  a  mm-wave 
double  sideband  AM  signal  (Fig.  6). 

Central  to  the  remote  upconversion  approach  is 
the  requirement  of  stabilising  the  oscillator  so  that  jitter 
and  phase  noise  do  not  significantly  degrade  the  bit 
error  rate  performance.  Conventional  phase  locked  loop 
schemes  may  impose  a  penalty  on  the  circuit 
complexity,  reliability  and  power  consumption,  hence 
injection  locking  was  investigated.  With  this  approach, 


FREQUENCY  GHz 

Fig  6.  Optoelectronic  mixing  within  a  mm-wave 
oscillator 

In  our  experiments,  a  third  subharmonic  injection 
locking  signal  was  applied  to  the  oscillator  through  the 
gate  terminal.  The  phase  noise  dropped  by  14.1  dB  to  a 
level  of  -74.36  dBc/Hz  at  100  kHz  offset.  An  additional 
feature  of  remote  upconversion  is  that  the  oscillators  are 
placed  in  a  remote  environment  and  are  thus  subject  to 
temperature  variations.  Therefore,  the  locking  range  of  a 
remote  upconversion  system  must  be  such  that  ambient 
temperature  changes  do  not  cause  the  oscillator  to  fall 
out  of  locking  range.  The  temperature  of  the  MMIC  was 
varied  from  40°C  to  1 10°C  causing  a  drop  of  412  MHz 
in  oscillation  frequency.  The  locking  range  was  found  to 
be  636  MHz  without  the  use  of  any  temperature 
compensating  circuitry. 

The  device  also  exhibits  electrical  conversion 
gain,  Gc,  defined  as: 


where  PRF  and  PIF  are  defined  as  electrical  RF  and  IF 
power,  respectively.  Thus,  PIF  is  measured  as  the 
photodetected  signal  power,  hence  conversion  gain  Gc 
is  independent  of  optical  coupling  into  the  device. 
Positive  feedback  around  the  oscillation  amplifies  the 
RF  signal  if  it  is  close  to  the  LO  frequency. 
Amplification  can  give  a  conversion  gain  of  up  to  30dB 
for  a  low  IF  of  10MHz.  The  unify  conversion  gain  cut¬ 
off  frequency  was  around  417MHz.  Measured  and 
modelled  conversion  performance  as  a  function  of  LO 
proximity  is  shown  in  Fig.  7.  Photodetected  signal 
power  varied  by  less  than  1  dB  as  the  device  bias  was 
varied  over  the  entire  bias  plane  (except  for  the  ohmic 
region  and  knee  area).  The  conversion  gain  is  a  strong 
function  of  device  biasing  conditions,  varying  by  more 
than  10  dB,  and  with  maximum  conversion  gain 
occurring  at  VDS=1.6  V  and  Vcs  =  -0.6  V. 
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Power  [dBm] 


IF  frequency  [GHz] 

Fig.  7  Measured  and  modelled  conversion 
performance  as  a  function  of  IF 

At  this  bias  point  the  device  was  found  to  have 
maximum  gain  (S2i)-  Given  that  there  is  a  linear 
relationship  between  RF  power  and  the  laser  modulation 
signal  power,  this  indicates  that  conversion  gain  is 
dependent  on  electrical  gain  but  is  largely  independent 
of  the  device's  photodetection  characteristics. 

CONCLUSIONS 

The  worldwide  demand  for  mobile 
communications  and  broadband  internet-type  services  is 
driving  research  into  future  generations  of  networks 
using  mm-wave  wireless-photonic  interfaces.  If  fibre 
radio  is  to  become  reality,  then  base  stations  will  have 
to  be  produced  at  low  cost  and  decisions  will  have  to  be 
made  in  favour  of  either  optical  delivery  of  mm-waves 
or  local  generation  of  mm-waves.  By  making  use  of 
optoelectronic  self-oscillating  mixers,  it  is  possible  to 
achieve  simplicity  in  the  design  of  the  fibre  backbone 
with  low  cost  at  the  base  station.  This  will  only  be 
achieved  if  well  established  MMIC  and  HEMT 
technology  is  used  to  realise  OESOMs.  However,  more 
mundane  issues  such  as  fibre  alignment  and  packaging 
also  need  to  be  addressed. 
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Abstract:  This  paper  presents  experimental 
results  on  signal  to  noise  ratio  measurements 
performed  on  Hetero-junction  PhotoTran-sistors. 
The  comparison  with  PIN  photodiode  is  also 
reported.  Simulations  have  been  done  to 
determine  the  evolution  of  the  SNR. 

Introduction: 

A  high  speed  detection  is  required  for 
radio  over  fibre  systems.  Several  components 
have  been  designed  and  studied  to  achieve  that 
purpose.  Among  those,  we  can  refer  to  Metal- 
Semiconductor-Metal  detectors  (MSM),  PIN 
and  PIN-guide  photodiodes,  [l]-[4],  and 
Heterojunction  bipolar  Photo-Transistors 
(HPT’s),  [5]-[10].  This  paper  deals  with  a  special 
use  of  HPT’s  that  leads  to  increase  the  power  of 
the  output  signal  keeping  the  mean  DC  current 
constant. 


I.  Device  design  and  fabrication: 

We  use  a  HPT  as  optical  to  electrical 
converter.  As  for  PIN  diode,  the  device 
design  is  a  trade  off  between  electrical  and 
optical  properties:  large  quantum  efficiency 
requires  sufficient  absorbing  volume,  (device 
area  and  collector  layer  thickness,  (i.e.: 
absorbing  layer)),  on  the  other  hand  high 
speed  operation  require  small  capacitance 
(small  area),  and  small  transit  time  (thin 
collector  layer).  The  device  structure  and 
epitaxy  ensure  optical  wave-guiding 
properties  with  edge-illumination,  referred  as 
HPT-waveguide.  The  collector  is  400  nm 
thick,  the  device  area  is  3x15  pm2.  The 
epitaxy  is  presented  in  Table  1.  The  electrical 
characterisation  of  device  showed  a  unity 
gain  cutoff  frequency  close  to  60  GHz  and  a 
maximum  frequency  of  oscillation  around  42 
GHz. 


Layer 

Material 

Doping/Type 

(at./cm3) 

Thickness 

(nm) 

Contact 

Ga47ln53As 

1.1019/n+ 

100 

Emitter 

InP 

5.1017/n+ 

150 

Spacer 

Ga47hi53As 

nid 

50 

Base 

Ga47In53As 

2.1019/p++ 

100 

Collector 

Ga47In53As 

nid 

400 

Spacer 

Ga47In53As 

3.1018/n+ 

10 

Sub-collector 

Ga47In53As 

3.1018/n+ 

700 

Buffer 

InP 

- 

100 

Substrate 

InP 

SI 

400pm 

Table  1: 1 

Device  epitaxy. 
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II.  Experiment: 

The  transmission  laser  is  a  1.3  pm  Ortel 
DFB,  it  is  polarised  at  24.2  mA,  and  driven  by 
a  0  dBm  7  GHz  signal.  Neither  the  polarisation 
nor  the  laser  modulation  conditions  are 
changed  during  the  experiment.  A  variable 
attenuation  is  used  to  modify  the  illumination 
conditions.  A  10  dB  coupler  is  inserted  to 
monitor  the  optical  incident  power  on  the  HPT 
during  the  measurements.  A  lensed  fibre  is 
used  to  launch  the  optical  signal  into  the  HPT- 
waveguide.  Figure  la&b  is  a  schematic 
presentation  of  the  experiment  set-up. 


Fig,  la:  Optical  experimental  set-up. 


Fig,  lb:  Electrical  experimental  set-up. 

The  HPT  collector/emitter  voltage,  Vce,  is  set 
to  1.2  Volts.  The  HPT  can  be  polarised  by  a 
base  electrical  current  and/or  an  optical 
illumination,  electrical  input  and  output  are 
loaded  on  50  Q..  Under  an  optical  mean 
impinging  power  of  67  pW,  the  collector 
current  is  4  mA.  An  output  power  of  -  39  dBm 
is  measured  at  7  GHz.  The  experiment  consists 
in  increasing  the  optical  incident  power, 
(which  leads  to  an  increase  of  the  “optical” 
base  current,  ibop),  keeping  the  collector 
current,  ic,  constant.  A  base  negative 
compensation  “electrical”  current,  ibei,  is  so 
required  to  maintain  the  mean  base  current 
constant.  The  advantage  of  such  a  procedure  is 
to  operate  the  HPT  under  optical  incident 
power  that  would  be  too  important  as  regards 
to  the  collector  DC  current.  As  the  output 
current  is  held  constant,  the  output  signal 
power  increases,  so  the  electrical  modulation 
index  is  increased  while  the  laser  modulation 
conditions  are  kept  constant.  Figure  2  depicts 


the  output  power  increase  versus  the  mean 
optical  incident  power  increase.  Optical  power 
goes  from  67  pW  up  to  400  pW,  the  output 
power  has  a  16  dB  increase,  raising  up  to  -23 
dBm,  as  shown  on  Figure  2.  Under  the  same 
illumination  conditions,  the  output  power  of  a 
PIN  diode  whose  structure  is  close  to  the  HPT 
is  -33  dBm,  (device  specifications:  0.4  A/W,  fc 
>  40  GHz). 
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Ic  =  4  mA,  f  =  7  GHz. 


Fig.  2:  Output  power  from  HPT  versus  optical 
incident  power,  ic  is  set  to  4  mA. 


III.  Signal  to  noise  ratio: 

The  measurements  are  made  with  a  300 
kHz  resolution  bandwidth  in  a  20  MHz  span. 
The  noise  floor  determination  is  made  under 
continuous  optical  illumination  so  that  the 
laser  RLN  is  included.  A  HP  amplifier  is 
inserted  after  the  HPT,  its  gain  at  7  GHz  is  28 
dB,  and  its  noise  figure  is  7  dB.  Figure  3 
depicts  the  evolution  of  the  SNR  versus  optical 
incident  power.  Without  base  current 
compensation  the  SNR  is  77  dB,  (=  6  dB  better 
than  the  photodiode),  the  SNR  is  increased  to 
83  dB  when  the  optical  power  is  400pW.  The 
increase  of  the  SNR  for  the  PIN  diode  is  better 
but  the  absolute  value  of  the  SNR  is  still  better 
for  the  HPT. 
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Fig.  3:  SNR  evolution  with  optical  power 
increase. 

The  lower  SNR  increase  for  the  HPT  can  be 
explained  considering  that  the  “optical”  base 
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current  and  “electrical”  base  current  are 
independent.  Though  their  combined  value  is 
kept  constant,  their  algebraic  value  increases 
with  optical  power  and  they  act  as  two 
different  noise  sources  which  power  increases 
in  accordance  to  optical  one. 


IV.  SNR  evolution  modelling: 

An  HPT  electrical  model  has  been 
developed  to  evaluate  the  different  noise 
sources  behaviours.  The  various  noise  sources 
are  brought  to  the  equivalent  photogenerated 
current  generator.  Such  an  approach  leads  to 
the  determination  of  the  predominant  noise 
sources  for  the  HPT.  It  allows  comparison  with 
other  kind  of  optical  receivers,  and  the 
perception  of  the  potential  modifications  to 
bring  in  priority  to  increase  the  device 
performances.  Implementing  the  model  with 
the  experimental  conditions,  we  have  derived 
the  evolution  of  the  SNR  with  optical  input 
power.  Figure  4  presents  the  comparison  of  the 
results  with  experimental  data.  A  good 
agreement  is  found:  both  approaches  lead  to  a 
6  dB  SNR  improvement  with  mean  optical 
power  being  increased  from  67  pW  to  400 
pW. 
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4  :  SNR  improvement,  simulated  (♦)  and 
measured  (■)  results. 


Conclusion: 

An  original  use  of  the  HPT  has  been 
presented,  it  is  based  on  optical  base  current 
compensation.  It  conveys  the  ability  to  increase 
optical  incident  power  while  maintaining  the 
collector  current  constant.  This  leads  to  both 
output  signal  power  and  SNR  improvement.  A 
model  of  noise  sources  has  been  tested,  results 
are  in  good  agreement  with  measures. 
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Abstract 

We  describe  an  advanced  millimeter  wave 
source  employing  two  InP/InGaAs 
heterojunction  bipolar  photo  transistors.  One, 
functioning  as  a  30  GHz  self  oscillator,  was 
optically  injection  locked.  The  second  acts  as 
an  optoelectronic  mixer  /  modulator  for  analog 
and  digital  signals. 

Introduction 

The  future  mobile  communication  network 
will  be  integrated  with  massive  fiber  optics 
systems  which  will  distribute  data  and  optical 
control  signals  to  remote  base  stations  [1], 
Since  the  low  frequency  portion  of  the 
spectrum  is  rather  congested,  much  of  the 
communication  is  likely  to  be  at  millimeter 
wave  frequencies.  A  key  missing  component 
for  the  remote  base  stations  is  an  efficient 
millimeter  wave  generator  capable  of  being 
modulated  by  analog  and  digital  data 
originating  in  distant  central  stations  [2]. 

This  paper  describes  an  advanced  millimeter 
wave  source  employing  a  two  InP/InGaAs 
heterojunction  bipolar  photo  -  transistor  (photo 
-  HBT)  configuration.  One  transistor  is  used  as 
a  30  GHz  self  oscillator  [3]  which  can  be,  if 
needed,  injection  locked  by  an  optical  signal  to 
improve  its  spectral  characteristics.  The  30 
GHz  signal  is  coupled  to  a  second  photo  - 
HBT  serving  as  an  optoelectronic 
mixer/modulator  with  the  data  being  fed  to  its 
optical  port  at  the  base  via  an  optical  fiber 
[4], [5].  The  two  optical  signals,  one  for 
injection  locking  and  the  second  for 
modulation  can  be  carried  by  different 
wavelengths  and  separated  by  a  standard 


Central  station 


WDM  demultiplexing  scheme.  The  two 
transistor  source  ensures  good  isolation 
between  the  local  oscillator  (generated  by  the 
first  HBT)  and  the  data  signal  [6].  The 
experiments  we  report  demonstrate  optical 
injection  locking  as  well  as  efficient  analog 
modulation  with  low  distortions  and  broad 
band  digital  modulation  with  error  free 
capabilities. 

Experiments 

Fig.  1  describes  the  experimental  arrangement. 
The  self  oscillator  is  constructed  by  connecting 
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the  collector  to  the  base  via  a  30  GHz  narrow 
band  pass  filter,  an  attenuator  and  a  tuner.  In  a 
free  running  mode,  the  30  GHz  output  exhibits 
a  phase  noise  of  -68  dBc/Hz  at  lOKHz  offset. 
A  sinusoidally  modulated  optical  input  signal 
was  used  to  injection-lock  the  oscillator  and 
under  optimum  conditions,  the  phase  noise 
was  reduced  to  -80  dBc/Hz. 

For  analog  modulation,  the  30  GHz  power  at 
the  input  of  the  second  photo-HBT  was 
adjusted  using  the  attenuator  to  a  level  of 
-10  dBm  and  an  optical  signal,  modulated  at 
300  MHz  was  coupled  to  the  optical  port.  A 
typical  analog  modulated  spectrum  is  shown  in 
Fig.  2.  The  analog  modulation  capabilities 
were  characterized  in  terms  of  the  dependence 
of  the  up-converted  modulation  component  (at 
30  GHz  +  300  MHz)  on  the  input  power  of  the 
300  MHz  spectral  component  measured  by  the 
modulating  HBT  operating  as  a  photodetector, 
namely  at  zero  bias  to  the  base.  The  linearity 
of  the  analog  modulation  capabilities  was 
tested  by  comparing  the  change  with  input 
modulating  power  of  the  fundamental 
modulation  side  band  (at  30  GHz  +  300  MHz) 
with  the  second  harmonic  (at  30  GHz  +  600 
MHz).  The  results  are  shown  in  Fig.  3.  The  use 
of  the  detected  modulation  signal  as  the  input 
parameter  ensures  that  this  characterization  is 
independent  of  the  particular  transmitter  used 
in  the  central  station. 


-100 
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Fig.  2:  30  GHz  source  modulated  by 
analog  signal  of  300MHz. 


Modulating  Input  Power  (dBm) 


Fig.  4  describes  measurements  of  the  linearity 
as  a  function  of  the  average  optical  power.  In 
this  experiment  we  kept  the  RF  power  to  the 
transmitter  modulator  constant  at  -10  dBm 
since  the  modulating  input  power  scales  with 
the  average  optical  power.  The  linear 
dependence  shown  in  the  figure  means  that  the 
HBT  operates  as  a  linear  upconverter  in  the 
optical  power  range  of  up  to  ~  -2  dBm. 
Finally,  we  show  in  Fig.  5  the  upconverted 
power  as  a  function  of  the  power  of  the 
30  GHz  carrier  signal  fed  to  the  base  of  the 
modulating  transistor.  For  low  power  levels, 
the  up-conversion  efficiency  increases  linearly 
with  power,  as  expected,  but  eventually  it 
saturates  and  starts  to  decrease  as  the  HBT  is 
driven  out  of  its  linear  operating  regime. 


Fig.  3:  Analog  modulation  as  a  function  of  the 
modulating  signal  (300  MHz)  power  with  - 
lOdBm  30GHz  source  and  -2dBm  optical  input 
power. 


The  digital  modulation  capabilities  were  tested 
at  a  bit  rate  of  500  Mb/s.  The  collector  output 
was  detected  using  a  coherent  homodyne 
receiver  and  the  resulting  base  band  signal  was 
characterized  in  both  frequency  and  time 
domains.  Figure  6  shows  the  base  band 
spectrum  with  the  typical  sync  envelope  and 
no  distortions.  The  insert  of  Fig.  7  shows  the 
detected  eye  pattern  which  is  very  symmetric 
and  wide  open.  The  bit  error  rate  (BER)  curve 
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Fig.  4:  Analog  modulation  as  a  function  of  the 
average  optical  power  power  with  -lOdBm 
30GHz  source  and  -28dBm  modulating 
(300MHz)  input  power. 


Input  power  to  the  modulating  HBT  (dBm) 

Fig.  5:  Measured  up-converted  power  as  a 
function  of  the  input  power  (from  the  30GHz 
source)  to  the  modulating  HBT  with  -2dBm 
optical  input  power. 


'Fig.  6:  Base  band  spectrum  of  500  Mb/s  digital 
modulation. 


Fig.  7:  Digital  modulation  at  500Mb/s  of  the 
30GHz  source. 


exhibited  in  Fig.  7  was  obtained  by  feeding  the 
base  band  signal  to  the  receiver  of  a  BER  test 
set  and  changing  the  optical  power  impinging 
on  the  HBT.  The  results  show  that  the  30  GHz 
signal  can  be  properly  modulated  with  no 
errors. 

Summary 

We  have  demonstrated  an  advanced  millimeter 
wave  source  employing  a  two  InP/InGaAs 


photo  -  HBT  configuration.  The  30  GHz 
signal  generated  in  the  first  HBT  was  injection 
locked  optically,  exhibiting  a  phase  noise  as 
low  as  -80  dBc/Hz.  It  was  also  modulated 
efficiently  with  optically  carried  analog  and 
digital  data  using  the  second  HBT  as  an 
optoelectronic  mixer  /  modulator. 
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Next  we  compare  the  time  domain  response  of 
the  HBT.  In  order  to  model  the  experiment  in  a 
reliable  manner  we  took  into  account  the 
optical  amplifier  spontaneous  emission  noise 
(ASE)  which  is  added  to  the  shot  noise.  Both 
the  signal  -  spontaneous  beat  noise  and 
spontaneous  -  spontaneous  beat  noise  are 
considered. 

For  simplicity,  we  use  the  Gaussian 
approximation  for  the  number  of 
photoelectrons  generated  during  detection. 
Figures  4  and  5  describe  eye  patterns  for 
modulation  rates  of  300  Mb/s  and  2.5  Gb/s, 
both  modulating  a  10  GHz  carrier.  The 
average  optical  power  was  1  dBm  and  the  data 
stream  power  was  -28  dBm.  The  modeled 
results  fit  well  to  the  experiments 

(h  meas_300Mb/s  /  h  meas_2.5Gb/s  =  h  calc_300Mb/s  / 

h  caic_2.5Gb/s  ~  2.13).  As  expected,  a  higher  bit 
rate  lowers  the  eye  opening,  increases  the 
zero-crossing  distortion  that  produces  jitter 
resulting  in  non  optimum  sampling  times, 
lowers  the  noise  margin,  increases  the 
sensitivity  to  the  amplifier  noise  and  results  in 
an  asymmetric  or  “squinted”  eye.  All  these  are 
mainly  caused  by  ISI  which  results  from  some 
pulse  distortion  in  the  non  linear  mixing 
process  and  from  the  HBT’s  frequency 
response. 

Finally,  we  show  in  Fig.  6  and  7  measured  bit 
error  rate  curves  as  a  function  of  the  optical 
power  impinging  on  the  HBT.  Figure  6  shows 
the  dependence  on  bit  rate  (in  the  range  of 
300  Mb/s  to  2.5  GHz)  for  a  10  GHz  carrier. 
The  typical  erfc  curves  are  obtained.  As  the  bit 
rate  increases,  the  system  requires  a  higher 
local  oscillator  signal  (to  maintain  the  error 
rate)  thereby  a  higher  optical  power.  Figure  7 
shows  similar  bit  error  rate  curves  at  300  Mb/s 
for  a  10  GHz  and  45  GHz  carrier  frequency 
(the  45  GHz  signal  was  generated  by  changing 
Af  to  22.5  GHz).  Here  the  difference  in 
sensitivity  stems  from  the  bandwidth 
limitation  of  the  HBT  which  at  45  GHz 
requires  a  larger  optical  power,  compared  to 
the  10  GHz  case,  to  achieve  the  same  local 
oscillator  power  and  hence  the  same  error  rate. 


Conclusions 

To  conclude,  we  have  demonstrated  the  use  of 
a  single  InP  /  GalnAs  photo  HBT  as  an 
optoelectronic  transducer  operating  at  10  GHz 
and  45  GHz.  The  carrier  signal  is  generated  by 
mixing  two  side  bands  of  an  optical  signal  and 
simultaneously  applying  a  digital  modulating 
signal  to  the  base.  A  numerical  model  was 
presented  together  with  experimental  results 
which  confirm  it. 


3.33  nsec 


Fig.  4:  Measured  and  calculated  eye  pattern 
for  bit  rate  of  300  Mb/s  at  10  GHz  carrier 


0.4  nsec 


Fig.  5:  Measured  and  calculated  eye  pattern 
for  bit  rate  of  2.5  Gb/s  at  10  GHz  carrier 
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Abstract  We  describe  the  development  of  InGaAsP 
multi-quantum  well  asymmetric  Fabry-Perot 
modulators  (AFPM)  and  present  measurements  of 
devices  operating  at  3  GHz.  Advantages  of  the 
AFPM  include  low  drive  voltage  and  loss,  high 
linearity  and  simple  fibre  alignment. 


Introduction 

Future  broadband  wireless  networks  will  use  optical 
fibre-based  signal  distribution  within  buildings  and 
the  urban  environment.  Optical  modulators  exhibiting 
high  efficiency,  linearity  and  long  term  stability  will 
be  required  in  such  systems.  These  requirements  can 
be  met  with  the  electro-absorption  modulator  (EAM). 
In  addition  to  its  low  drive  voltage  and  high  linearity, 
it  can  be  used  as  a  modulator  and  detector 
simultaneously,  significantly  reducing  the  complexity 
of  the  base  station.  (Fig.  1).  This  has  led  to  the 
development  of  concepts  such  as  passive  picocells, 
employing  very  simple  radio  base-units  that  are  low- 
cost,  small  and  unpowered  III. 

Down-link 


Fig.  1.  EAM  used  as  modulator  and  detector  in  a 
point-to-point  connection  between  central  and 
base  stations 


While  fibre-radio  systems  have  been  successfully 
demonstrated  using  waveguide  EAMs,  cost  and 
performance  can  be  improved  with  the  use  of 
asymmetric  Fabry-Perot  modulators  (AFPM).  In 
Fabry-Perot  modulators,  the  light  propagates 
vertically  through  the  wafer  layers,  and  a  Fabry-Perot 
cavity,  formed  from  semiconductor  distributed  Bragg 
reflectors  (DBR)  and  metal  mirrors  increases  the 
modulation  depth.  In  the  AFPM,  shown 
schematically  in  Fig.  2,  the  back  mirror  reflectivity  is 
designed  to  be  close  to  100%,  while  a  lower  front 
mirror  reflectivity  is  used.  The  output  light  is 
reflected  from  the  device  and  can  be  separated  from 
the  input  path  using  an  optical  circulator.  The 
modulation  sensitivity  of  the  AFPM  is  made  large  by 
arranging  the  spacing  between  the  mirrors  to  obtain 
destructive  interference  between  the  light  reflected 
from  the  front  mirror  and  back  mirrrs.  A  modulation 
depth  of  20  dB  for  5V  drive  voltage  was  achieved 
with  the  first  GaAs/AlGaAs  AFPMs  111 ,  while 
InGaAsP/InP  AFPMs  operating  at  1.55  pm  with  a 
modulation  depth  of  21  dB  and  modulation 
bandwidth  of  20  GHz  have  been  demonstrated  111. 


FP  cavity 
2um 


TZ 


Zn/Au  BACK  MIRROR 
(Rb=0.95) 


MOW 


substrate 


InGaAsP/InP  DBR 
FRONT  MIRROR 
(0.3>  Rf  >0.7) 


Windowed 

n-contact 


\ 


Silicon  nitride 
anti-reflection 
coating 


LIGHT  IN 

Fig.  2.  Schematic  of  AFPM  structure 


The  AFPM  offers  a  number  of  advantages  for 
microwave  photonic  applications.  Low  insertion  loss 
is  possible,  as  no  waveguiding  occurs  within  the 
device.  The  large  area  of  the  device  allows  simple 
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fibre  alignment,  reducing  the  packaging  cost.  An 
additional  advantage  is  that,  as  the  electric  field 
oscillations  of  the  light  are  always  in  the  plane  of  the 
quantum  wells,  the  device  characteristics  are 
independent  of  the  input  polarisation.  Fig.  3  shows 
two  AFPM  configurations.  In  the  top-addressed 
device,  both  mirrors  are  formed  from  semiconductor 
DBRs.  However,  this  requires  a  large  number  of 
layers  to  achieve  a  high  back  mirror  reflectivity.  To 
avoid  this,  an  alternative  substrate-addressed  design 
can  be  used,  in  which  the  p-contact  metal  doubles  as 
the  back  mirror.  InGaAs/InP  substrate-addressed 
AFPMs  have  been  demonstrated  with  3  dB 
modulation  depth  and  1.8  dB  insertion  loss  /4/.  In  this 
paper,  the  design  and  fabrication  of  AFPMs  for 
microwave  photonic  applications  is  described. 


_  oct  _ 

(b) 

p  contact/reflector 

EEEE  P+  DBR  == 

i  MQW 

i  MQW  . 

: - n+  DBR  = 

=  n+  DBR 

substrate 

substrate 

OF 

Fig.  3.  (a)  Top-addressed  and  (b)  substrate- 
addressed  AFPM  configurations 


Modulator  design 

The  first  step  in  the  design  process  was  the 
measurement  of  the  electroabsorptive  effect  in  the 
InGaAsP  MQW  active  region,  to  obtain  accurate 
material  parameters  for  the  modulator  optimisation. 
This  structure  was  grown  by  MOVPE  and  is  shown 
in  Fig.  4.  Shallow  quantum  wells  with  quaternary 
well  and  barrier  material  were  used  to  reduce  the 
lifetimes  of  the  photo-induced  holes  that  saturate  the 
absorption  of  deeper  InGaAs/InP  quantum  wells  at 
high  optical  intensity  /4/.  The  1  pm  thick  MQW 
structure  was  grown  in  a  p-i-n  diode  structure,  and 
individual  devices  isolated  by  wet-etching  mesas 
through  the  p-  and  i-  layers.  The  electric  field  across 
the  MQW  was  applied  by  reverse-biasing  the  diode, 
p-contact 

p+  InP  0.3  pm 
i  InP  0.2  pm  spacer 

x60  90A  wells  InGaAsP  Abg=1 .6pm 
x61  75A  barriers  InGaAsP  Abg=1 .1pm 

n+  InP  0.5  pm 


n+  InP  substrate 


n-contact  AF*  coating 

Fig.  4.  p-i-n  diode  test  structure  to  characterise 
the  MQW  electro-absorption 


Tunable  narrow  linewidth  light  from  a 
monochromator  was  transmitted  through  the  biased 
MQW  layers  and  detected,  allowing  measurements  of 
the  wavelength  and  voltage  dependent  absorption 
coefficient  of  the  layers  to  be  made  (Fig.  5). 


1500  1520  1540  1560  1580  1600 

Wavelength  (nm) 

Fig.  5.  Measured  MQW  absorption  spectra 

The  measured  MQW  electroabsorption  and 
calculated  corresponding  refractive  index  changes 
were  used  to  model  the  modulation  characteristics  of 
the  AFPMs.  Reflection  spectra  of  these  multilayer 
devices  were  calculated  using  the  transfer  matrix 
method.  An  AFPM  structure  was  designed  to  obtain  a 
3  dB  modulation  depth  and  an  intrinsic  loss  of  <3  dB 
(Fig.  6).  A  substrate-addressed  configuration  was 
chosen,  consisting  of  the  60  period  MQW  active 
region  tested  previously  and  a  7.5  period  front  DBR, 
with  A/4  layers  of  InP  and  InGaAsP  of  bandgap  Abg  = 
1.4  pm.  The  Au/Zn  p-contact  was  not  annealed,  to 
maintain  the  high  reflectivity  at  the  metal- 
semiconductor  interface.  The  calculated  intensity 
modulation  characteristics  are  shown  in  Fig.  7a. 

Non-annealed  Au-Zn  contact/reflector 


p**  InGaAsP  Xbg  =  1 .4  pm 
p+  InP  0.3  pm 
i  InP  0.2  pm  spacer 

MQW  1.0  pm 

n*  InP  150  A 

n*  7.5  period  DBR 
InP/InGaAsP  kbS  =  1 .4  pm 


n+  InP  substrate 


AR  coating 

Fig.  6.  Substrate-addressed  AFPM  structure, 
with  1  pm  thick  MQW  active  region  and  7.5 
period  front  distributed  Bragg  reflector. 
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The  modulation  characteristic  at  X  =  1550  nm  was 
evaluated  and  a  modulation  sensitivity  of  |dR/dV|  = 
0.08  V'1  at  4.5  V  DC  operating  point  was  obtained. 
From  the  spectral  plots  in  Fig.7a,  it  was  found  that 
dR/dV  varies  by  less  than  10%  over  the  1548-1552 
nm  wavelength  range  with  the  operating  point 
maintained  at  4.5  V. 


Fig.  7.  (a)  Calculated  AFPM  reflectivity  spectra, 
(b)  Modulation  characteristic  at  X  =  1550  nm. 
Solid  line:  Third  order  polynomial  fit. 
Dashed  line:  Ideal  linear  modulation 


Linear  modulation  is  desirable  for  multi-frequency 
RF  systems,  to  avoid  interference  due  to  nonlinear 
intermodulation  products.  The  linearity  of  the 
modulation  characteristic  was  assessed  by  fitting  a 
third  order  polynomial  to  the  calculated  reflectivity 
values  at  X  =  1550  nm  (Fig.  7).  This  was  used  to 
calculate  the  third-order  intermodulation  product 
(IMD3)  to  signal  ratio  resulting  from  two  RF  signals 
with  equal  powers  at  a  4.5  V  operating  point  (Fig.  8). 
It  was  found  that  with  a  0.1  V  peak-to-peak  drive 
voltage  from  each  signal,  the  expected  ratio  is  -83 
dB.  To  determine  the  effect  of  the  Fabry-Perot 
resonator  on  the  distortion,  the  IMD3  generated  by  a 
waveguide  electro-absorption  modulator  was  also 
calculated,  using  the  simple  equation  for  optical 


transmission,  T=exp(-a(V)rL),  where  the  same 
absorption  values,  a(V),  as  for  the  AFPM  were 
assumed,  and  the  product  of  the  optical  confinement 
and  modulator  length,  IT,  was  chosen  to  obtain  the 
same  modulation  sensitivity  as  the  AFPM.  A 
comparison  of  the  plots  in  Fig.  8  shows  less  than  1 
dB  difference  between  the  distortion  generated  by  the 
two  modulator  configurations.  Hence,  the  Fabry- 
Perot  resonator  is  not  expected  to  have  a  significant 
adverse  effect  on  the  modulation  linearity. 


Voltage  pk-pk  (V) 

Fig.  8.  Calculated  IMD3  product  to  signal  ratio 
for  AFPM  (solid  line)  and  waveguide  EAM 
(dashed  line). 

Experimental  AFPM 

Modulators  with  the  design  shown  in  Fig.  6  were 
fabricated,  with  the  same  growth  and  processing 
techniques  as  for  the  MQW  test  devices. 
Monochromator  measurements  of  the  voltage 
dependent  reflectivity  spectra  are  plotted  in  Fig.  9. 
The  measurements  confirm  that  a  3  dB  modulation 
depth  is  possible  with  this  design  at  the  resonant 
wavelength  of  1.55  pm.  The  loss  and  drive  voltage 
were  higher  than  predicted  and  secondary  ion  mass 
spectroscopy  measurements  of  the  wafer  showed  that 
this  is  due  to  diffusion  of  the  Zn  dopant  from  the  p+ 
layer  into  the  MQW  layers. 


Wavelength  (nm) 


Fig.  9.  Measured  AFPM  reflectivity  spectra 
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The  performance  of  the  AFPM  at  microwave 
frequencies  was  then  experimentally  assessed. 
Modulators  formed  from  100  pm  diameter  circular 
mesas  were  used,  with  a  capacitance  of  0.85  pF, 
resulting  in  an  expected  3.7  GHz 
3  dB  bandwidth.  The  experimental  setup  is  shown  in 
Fig.  10.  The  output  of  a  tunable  laser  was  reflected 
from  the  modulator  via  a  3  dB  fibre  coupler,  and  the 
modulated  light  detected  using  a  high  bandwidth 
photodetector.  A  network  analyser  was  used  to  drive 
the  AFPM  and  measure  the  output  signal,  and  a 
variable  attenuator  at  the  output  of  the  laser  enabled 
the  optical  power  to  be  adjusted. 


Network  analyser 


Fig.  10.  Microwave  modulation  experiment 


Fig.  11  shows  the  detected  RF  signal  power  for  a 
range  of  optical  powers,  -8  to  +4.5  dBm,  input  to  the 
AFPM.  Up  to  ~0  dBm,  the  detected  RF  power  varied 
linearly  with  the  optical  power  over  the  0-3  GHz 
range.  At  higher  powers,  the  build-up  of 
photogenerated  carriers  in  the  MQW  resulted  in  a 
reduction  of  the  modulation  sensitivity  at  high 
frequencies. 
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Fig.  11.  Detected  microwave  power  with  -8  to 
+4.5  dBm  optical  input  power. 


Air-bridged  modulators 

In  the  experimental  devices  used  to  obtain  the  results 
described  in  the  previous  section,  the  p-contact  bond- 
pad  was  located  on  top  of  the  modulator  mesa. 
Reducing  the  mesa  diameter  to  <100  pm  to  allow 
>3  GHz  modulation  bandwidth  makes  wire  bonding 
to  the  p-conatct  pad  in  this  position  unfeasible.  This 
problem  is  solved  by  moving  the  bond  pad  away 
from  the  mesa,  and  one  technique  currently  under 
development  is  the  air-bridged  modulator,  shown 
schematically  in  Fig.  12a.  The  air-bridge  allows  the 
bond-pad  and  p-contact  to  be  connected,  while 
remaining  isolated  from  the  n-InP  layers.  Fig.  12b 


shows  a  photograph  of  a  top-addressed  air-bridge 
modulator  fabricated  at  UCL.  This  technique  will 
allow  the  next  stage  of  microwave  AFPM 
development. 


Contact  pad  Air-bridge 


Fig.  12.  (a)  Schematic  of  an  air-bridged  AFPM. 
(b)  Photograph  of  a  top-addressed  air-bridge 
modulator. 


Conclusions  The  high  efficiency,  low  loss  and  low 
cost  of  multi-quantum  well  asymmetric  Fabry-Perot 
modulators  make  them  attractive  for  radio-over-fibre 
applications.  We  have  shown  that  it  is  possible  to 
achieve  a  modulation  efficiency  |dR/dV|  >  0.08  V'1 
with  <  3  dB  intrinsic  loss,  and  with  a  modulation 
linearity  comparable  to  waveguide  EAMs.  Initial 
measurements  of  the  high  frequency  operation  of  the 
modulators  showed  3  GHz  bandwidth  with  up  to  0 
dBm  input  optical  power.  Further  refinement  of  the 
MQW  design  and  growth  and  development  of  low- 
capacitance  air-bridge  structures  will  allow  the 
AFPM  operation  to  be  extended  to  higher  frequencies 
and  optical  powers. 
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Abstract:  We  present  the  performance  of  the 
multiple-quantum-well  and  Franz-Keldysh 
electroabsorption  waveguides  as  an  integrated 
photodetector/mixer  for  frequency  conversion  of 
RF  signals.  The  InAsP/GalnP  multiple-quantum- 
well  waveguide  exhibits  a  low  phase  noise  and 
large  SFDR  conversion. 

Summary 

Microwave  photonics  is  considered  to  be  a 
viable  alternative  technology  in  some  application 
areas  where  electronics  has  traditionally  played  a 
central  role.  Frequency  converting  photonic  links 
for  antenna  remoting  applications  is  an  example  of 
this  where  antenna  front-end  hardware  complexity 
can  be  reduced  and  the  deleterious  effects  of  fiber 
dispersion  may  be  avoided  [1,2].  Many  of  the 
conversion  schemes  take  advantage  of  the  optical 
local  oscillator  (LO),  which  is  less  complex  than 
the  electronic  LO  at  high  frequency,  and  has 
shown  lower  phase  noise  [3].  There  have  been 
several  proposals  to  achieve  low  conversion  loss 
and  large  spur-free  dynamic  range  (SFDR)  for 
photonic  frequency  converting  links  [4-6],  One 
approach  makes  use  of  Mach-Zehnder  modulators 
(MZM’s)  at  very  high  optical  LO  power  (350 
mW)  to  achieve  positive  link  conversion  gain 
[5,6].  An  alternative  approach  uses  either  a 
heterojunction  phototra'nsistor  or  heterojunction 
bipolar  transistor  (HBT)  to  convert  the  modulated 
optical  radiation  to  the  RF  signal,  by  using  the 
inherent  nonlinearity  of  the  device  [7-9],  In  [8],  a 
10.4-dB  intrinsic  conversion  gain  (-5.5  dB 
external  conversion  gain)  was  achieved  using  an 
electrical  LO.  In  [9],  two  HBT’s  in  a  cascode 
configuration  were  used  to  achieve  an  intrinsic 


conversion  gain  of  18.2  dB  and  an  extrinsic 
conversion  gain  of  7.4  dB  with  a  three-stub  tuner. 

In  a  prior  work  [10],  we  have  proposed  and 
demonstrated  an  alternate  RF  signal  conversion 
approach  using  an  electroabsorption  (EA) 
waveguide  as  a  photodetector/mixer.  In  this 
approach,  frequency  converted  electrical  RF 
signals  from  the  EA  waveguide,  operating  as  an 
optoelectronic  mixer  (OEM),  is  generated  and 
made  available  for  subsequent  signal  processing. 
The  down-converted  RF  signal  can  be  sent 
through  conventional  electrical  cable  that  has  low 
attenuation  at  baseband/TF  frequency.  We  have 
demonstrated  a  moderate  conversion  loss  and  high 
SFDR,  RF  signal  mixing  using  moderate  optical 
LO  power  and  a  simple  system  configuration  [10]. 

In  this  work,  we  compare  the  performance  of 
the  multiple-quantum-well  (MQW)  and  Franz- 
Keldysh  effect  (FKE)  EA-OEM  in  this  conversion 
scheme. 

In  EA  waveguides,  the  electroabsorption 
process  generates  an  electric-field  dependent 
photocurrent,  Iph(V,  Pop, )  =  nm  (v)Pop,  ,  where  Popt 

is  the  optical  power  and  i]m(V)  is  the  modulator’s 
detection  responsivity.  r]m  is  dependent  on  the 
applied  bias  (therefore,  the  electric  field),  and  is 
independent  of  optical  power  provided  that  the 
device  is  operated  below  saturation.  When  a  DC 
optical  power,  P0,  and  modulation  optical  power, 
p  at  (Olo ,  are  incident  on  an  EA  waveguide  driven 
by  a  DC  bias  voltage,  Vb,  along  with  a  RF  signal 
voltage,  v  at  to,,  the  photocurrent  generated  at  the 
device  is  given  by: 

I ph  (V,- Pop, )  =  (Vb  +  v cos  a >,  t)  (P0  +  p  cos  coLOt)  ( 1 ) 


70 


0-7803-6455-4/00/$  1 0.00  ©  2000  IEEE 


TU2.5 


The  up-and  down-converted  signals  at 
0)s  ±  (0LO  are  obtained  from  a  small  signal  analysis 

of  r/m(Vb  +v  cos  cost)  as: 

vpcos(a)s±coLO)t  (2) 

2  dV  n 

The  higher  order  derivatives  of  rjm  contribute  to 
the  harmonic  and  intermodulation  distortions  of 
this  OEM.  Note  from  d7]m/dV|vb  in  (2)  that  the 
electroabsorption  is  crucial  in  generating  the 
mixed  signals.  This  distinguishes  the  electro¬ 
absorption  mode  of  the  EA-OEM  from  the  usual 
pin  photodetection  where  the  responsivity  is 
constant  with  voltage. 

We  first  compare  the  current  that  gives  the 
mixed  signals  detected  by  the  remote  detector, 
when  the  EAM  is  used  as  a  modulator,  to  the 
integrated  mixer  photocurrent.  The  remote 
detector  photocurrent  can  be  expressed  as 
Itram  =  r\dPnpltffT(V)  where  r\d  is  the  responsivity 

of  the  remote  detector,  tff  is  the  transmission 
factor  of  the  EAM,  and  T(V)  is  the  transfer 
function  of  the  EAM  normalized  to  the  incident 
optical  power.  The  corresponding  photocurrent 
that  gives  the  mixing  of  (Qs  and  0)Lo  is: 

dtff^  vpcos(a>s  ±(0LO)t  (3) 

From  with  I™ax„s,  the  RF  power  of  the 

converted  signals  can  be  obtained,  assuming  a  50- 
Q  load  resistor.  The  ratio  of  powers  of  the 
frequency-converted  signals  in  these  two  cases 
can  be  expressed  in  dB  as: 

(r!x>  (dIBhldV\ 

Ratio  =  20 Log  -A—  =  20 Log  — — — — -  (4) 

IT  dld  dV  ) 

V,  y  V  d  J 

Here  Iph  and  Id  are  the  photocurrent  detected 
at  the  EA-OEM  and  the  remote  detector, 
respectively,  and  the  derivatives  are  evaluated  at 
the  modulator  bias,  Vb. 

In  the  experiment,  AR  coated  strain- 
compensated  InAsP/GalnP  MQW  EA  waveguide 
that  utilizes  the  quantum-confined  Stark  effect 
[11]  and  an  InGaAsP/InP  waveguide  [12]  that 
used  the  Franz-Keldysh  effect  were  compared. 


The  MQW  sample  has  8  periods  of  8.9-nm  thick 
compressively-strained  InAsP  wells  and  7.4-nm 
thick  tensile-strained  GalnP  barriers,  sandwiched 
by  InGaAsP  cladding  layers.  At  X=  1.319  |J.m,  the 
transmission  (as  detected  by  a  remote  detector 
with  0.89-A/W  responsivity)  and  photocurrent 
characteristics  vs.  DC  bias  of  the  two  devices  are 
shown  in  Fig.  la  and  Fig  lb. 


Reverse  Bias  (V) 


350  ? 
300  g 

250  I 

3 


Reverse  Bias  (V) 


Fig.  1  .Transmission  and  absorption  characteristics  of 
(a)  the  MQW  (at  10  mW),  (b)  bulk  InGaAsP 
waveguides  (at  1  mW). 

The  normalized  slope  efficiencies  are  -1.1  V"1 
and  -0.18  V'1,  respectively,  for  these  transmission 
curves.  The  fiber-to-fiber  insertion  loss  of  the 
waveguides  are  8.0  dB  and  11  dB,  respectively. 
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The  RF-frequency-mixing  setup  is  shown  in 
Fig.  2  [10]  with  two  Nd:YAG  lasers  generating  a 
beat  tone  at  a  100-%  modulation  depth,  which 
was  used  as  an  optical  LO  signal  to  the  EA 
waveguide.  Electrical  voltage  that  contained  the 
DC  bias  as  well  as  the  RF  signal  at  ci)s  was  applied 
to  the  EA-OEM  under  test. 


Fig.  2.  Experimental  set-up  for  the  mixing 
experiment  using  the  EA  waveguide. 


The  DC  bias  was  first  set  at  the  second  order 
null  point  of  the  transmission  curve,  which 
corresponds  to  the  highest  slope  efficiency  of  the 
photocurrent  vs.  DC  bias  curve.  When  the  RF 
signal  power  was  increased  from  -20  dBm  to  -10 
dBm,  the  converted  signal  powers  increased  by  10 
dB.  They  closely  follow  the  behavior  predicted  by 
(2).  The  MQW  EA  waveguide  became  saturated 
around  10-mW  of  LO  optical  power. 

Defining  the  conversion  loss  as  the  ratio  of  the 
input  RF  signal  power  to  the  output  frequency 
converted  signal  power,  the  conversion  loss  for 
the  case  when  the  MQW  EA-OEM  was  used  as  a 
photodetector/mixer  is  measured  at  18.9  dB.  This 
conversion  loss  is  mainly  limited  by  LO  optical 
power  (10  mW)  and  the  saturation  power  of  the 
MQW  waveguide.  When  this  MQW  EA 
waveguide  was  used  as  a  modulator/mixer  and  the 
converted  signals  were  transmitted  through  the 
optical  fiber  as  in  [4-6],  the  conversion  loss  was 
increased  to  27.8  dB.  The  increase  in  conversion 
loss  is  mainly  due  to  the  fact  that  the  responsivity 
of  the  remote  detector,  rjd  at  the  end  of  the  fiber 
link  combined  with  the  EA  waveguide  insertion 


loss,  tff,  was  much  smaller  than  that  of  the  EA 
waveguide. 


Input  RF  Power  (dBm) 

Fig.  3.  Two-tone  test  of  the  MQW  EA 
photodetector/RF  mixer.  Converted  RF  signals  (■: 
for  highest  slope  point,  □:  for  third-order  null 
point)  and  the  rMD3’s  (•:  for  highest  slope  point, 
O:  third-order  null  point)  are  shown. 

Two-tone  SFDR  measurement  was  carried  out 
with  the  RF  tones  at  1.00  and  1.02  GHz  and  the 
optical  LO  tone  at  0.90  GHz:  The  converted 
signals  and  the  their  third-order  intermodulation 
distortions  (IMD3’s)  were  measured.  (Due  to  the 
bandwidth  limitation  of  the  circulator,  only  the  up- 
converted  signals  were  measured.)  When  the 
MQW  EA  waveguide  was  biased  at  the  highest 
slope  point  of  the  device  photocurrent  vs.  DC  bias 
curve  (second-order  null  point),  a  SFDR  of  102.4 
dB-Hz2/3  was  obtained  at  10-mW  optical  LO 
power  for  the  up-converted  signal  at  1.90  GHz. 
When  the  MQW  EA-OEM  was  biased  at  the 
third-order  null  point  of  the  device  photocurrent 
vs.  DC  bias  curve,  the  up-converted  RF  signal 
power  was  reduced  by  ~3  dB,  but  the  sub-octave 
SFDR  was  measured  at  120.0  dB-Hz4  5  with  the 
fifth-order  dependence  on  the  input  RF  power.  At 
the  third-order  null  point,  the  IMD3  due  to  the 
third-order  input  power  dependence  becomes  null, 
making  the  IMDj  depending  on  the  next  order, 
which  is  the  fifth  order.  The  results  are  shown  in 
Fig.  3. 
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For  the  InGaAsP  FKE  EA-OEM,  a  larger  RF 
conversion  loss  (29.2  dB)  was  measured  at  the 
same  LO  optical  power  of  10  mW,  mainly  due  to 
the  smaller  slope  efficiency  of  the  FKE.  However, 
the  single-octave  SFDR’s  of  this 
photodetector/mixer  are  within  4  dB  of  those  of 
the  above  MQW  device,  primarily  due  to  the 
lower  degree  of  saturation  of  the  FKE  device  at 
10  mW.  These  results  are  summarized  in  Table  1. 


Device 

Conversion  loss  (dB) 

SFDR 

InAsP/GalnP 

MQW 

18.9  (2nd  order  null) 

21.9  (3rd  order  null) 

102  dB-Hz233 
120  dB-Hz4/5 

Bulk 

InGaAsP 

29.2  (2nd  order  null) 

33.2  (3rd  order  null) 

98  dB-Hz2/3 
117  dB-Hz4/5 

Table  1.  EA-OEMs  at  10  mW  optical  LO  power. 


HP  3048ft  Carrier;  400.E+06  Hr 


3/30/00  23546:43  -  23:31: 10 


Fig.  4.  Absolute  phase  noise  of  the  RF  source 
driving  the  MZM  (optical  LO  generator). 

Fig.  5,  residual  phase  noise  characteristic  of  the 


a>aw»  Cwrier:  1.4IM09  Hz  4/06/00  13:32:31-13:37:10 


EA-OEM  up-converted  signal  at  1 .4  GHz 


We  have  also  measured  the  phase  noise 
characteristics  of  the  converted  signals.  In  the 
measurement,  the  optical  LO  (Fig.  4)  is  generated 
via  external  modulation  of  a  high  power  laser 
using  a  lithium  niobate  MZM.  Fig.  5  shows  the 
residual  phase  noise  spectrum  of  the  up-converted 
using  a  400  MHz  optical  LO  signal. 

In  conclusion,  we  have  demonstrated  that  the 
EA  waveguide  can  be  utilized  as  an  OEM  that 
possess  low  phase  noise,  large  SFDR  conversion 
properties.  The  conversion  loss  and  SFDR  are 
both  dependent  on  the  slope  efficiency  and 
saturation  power  level.  At  10-mW  LO  power,  a 
sub-octave  SFDR  of  120.0  dB-Hz4/5  was  achieved 
with  the  MQW  EA-OEM. 

References 

1.  G.  K.  Gopalakrishnan,  R.  P.  Moeller,  M.  M. 
Howerton,  W.  K.  Bums,  K.  J.  Williams,  and  R.  D. 
Esman,  IEEE  Trans.  MTT.,  43,  pp.  2318-2323,  1995. 

2.  K.-I.  Kitayama,  and  R.  A.  Griffin,  IEEE  Photon. 
Technol.  Lett.,  11,  pp.  287-289, 1999. 

3.  X.  S.  Yao,  and  L.  Maleki,  IEEE  J.  Quantum  Electron., 
32,  pp.  1141-1149,1996. 

4.  C.  K.  Sun,  R.  J.  Orazi,  and  S.  A.  Pappert,  IEEE 
Photon.  Technol.  Lett.,  8,  pp.  154-156,  1996. 

5.  R.  Helkey,  J.  C.  Twinchell,  and  C.  H.  Cox,  J. 
Lightwave  Technol.,  15,  pp. 956-961, 1997. 

6.  H.  Rous  sell,  R.  Helkey,  IEEE  Microwave  Guided 
Wave  Lett.,  8,  pp.  408-410, 1998. 

7.  C.  P.  Liu,  A.  J.  Seeds,  and  D.  Wake,  IEEE  Microwave 
Guided  Wave  Lett.,  7,  pp.  12-1  A,  1997. 

8.  Y.  Betser,  D.  Ritter,  C.  P.  Liu,  A.  J.  Seeds,  and  A. 
Madjar,  J.  Lightwave  Technol.,  16,  pp.  605-609, 1998. 

9.  Y.  Betser,  J.  Lasri,  V.  Sidorov,  S.  Cohen,  D.  Ritter,  M. 
Orenstein,  G.  Eisensein,  A.  J.  Seeds,  and  A.  Madjar, 
IEEE  Trans.  MTT.,  47,  pp.  1358-1364, 1999. 

10.  D.  S.  Shin,  G.  L.Li,  C.  K.  Sun,  K.  K.  Loi,  W.  S.  C. 
Chang,  P.  K.  L.  Yu,  IEEE  Photon.  Technol.  Lett.,  12, 
pp.  193-195,2000. 

11.  K.  K.  Loi,  J.  H.  Hodiak,  W.  B.  Mei,  C.  W.  Tu,  W.  S. 
C.  Chang,  D.  T.  Nichols,  L.  J.  Lembo,  and  J.  C. 
Brock,  IEEE  Photon.  Technol.  Lett.,  10,  pp.  1572- 
1574, 1998. 

12.  G.  L.  Li,  Y.  Z.  Liu,  R.  B.  Welstand,  C.  K.  Sun,  W.  X. 
Chen,  J.  T.  Zhu,  S.  A.  Pappert,  and  P.  K.  L.  Yu,  IEEE 
Photon.  Technol.  Lett.,  vol.  1 1,  pp. 659-61,  1999. 


73 


TU2.6 


A  6  to  11  GHz  All-Optical  Image  Rejection  Microwave  Downconverter 

Shane  J.  Strutz  and  Keith  J.  Williams 
Naval  Research  LaboratoryCode  5652,  Building  215 
4555  Overlook  Avenue,  SW  Washington,  DC  20375 
Phone:(202)404-1514;  Fax:(202)404-8645 
Strutz@ccs.nrl.navy.mil 


Abstract 

An  all-optical  image-rejection 
downconverter  capable  of  downconverting  6- 
11  GHz  RF  signals  into  an  IF  band  from  2  to  3 
GHz  is  presented.  RF  signals  received  by  the 
system  are  used  to  generate  new  optical 
wavelengths.  These  new  wavelengths  are 
filtered  and  used  to  downconvert  the  RF 
signals  into  the  IF  band  through  heterodyne 
detection.  The  system  exhibited  better  than  20 
dB  of  image  rejection  over  its  bandwidth  and 
the  spurious  signals  were  more  than  40  dB 
below  the  downconverted  signal  power. 

I.  Introduction 

The  use  of  analog  photonic  links  has 
expanded  from  direct,  transmitter-receiver 
pairs,  to  links  with  signal  processing 
capability.  The  broadened  capability  of  these 
links  is  due  to  the  implementation  of  cascaded 
modulators,  one  to  imprint  a  local  oscillator 
(LO)  upon  the  transmitted  light  and  one  to 
either  mix  this  LO  with  a  received  RF  signal 
[1-5],  or  to  translate  the  optical  frequency  for 
direct  heterodyne  mixing  [6], 

Though  upconverting  and 
downconverting  links  work  for  narrow  band 


applications,  they  lack  the  image  rejection 
capability  required  to  instantaneously 
downconvert  signals  from  ultra-wide-band 
antennas  [7,8].  The  image  signals  result  from 
the  mixing  of  two  distinct  RF  signals,  corf  = 
Wlo~  (Dif,  with  the  LO  signal,  G)lo,  which 
produces  two  identical  intermediate 
frequencies,  Wif.  The  presence  of  images 
causes  ambiguity  in  the  determination  of 
frequency  [7]. 

In  this  paper,  we  present  our 
preliminary  work  on  an  all-optical  version  of 
our  previous  image  rejection  downconverter 
system  [8].  The  system  utilizes  the  sidebands 
generated  by  Mach-Zehnder  modulators 
(MZM)  and  heterodyne  detection  to 
downconvert  frequencies  between  6  and  1 1 
GHz  into  an  intermediate  frequency  band 
between  2  and  3  GHz.  The  system  offers 
more  than  20  dB  of  image  rejection  and  a 
conversion  loss  of  30-40  dB.  Our  system  tests 
and  a  discussion  of  needed  improvements  are 
reported. 
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Figure  2.  System  Operation.  (a)Optical  sideband 
produced  by  LOl  .(b)  Optical  sidebands  produced 
by  the  interaction  of  L02  and  the  RF  input,  (c) 
Heterodyne  Downconversion.  (d)  Image  rejection. 


II.  System  Configuration  and  Operation 

A  diagram  of  an  all -optical  image- 
rejection  microwave  downconverter  for 
remote  applications  is  shown  in  Figure  1. 

Light  from  a  fiber  coupled  laser  (1550  nm)  is 
divided  into  two  paths  by  a  3dB  polarization 
maintaining  (PM)  coupler.  In  one  path,  light 
is  amplitude  modulated  by  MZM1  which  is 
driven  with  LOl  =  22-26  GHz.  The  amplitude 
modulation  causes  light  to  be  shifted  from  the 
fundamental  beam  into  the  RF  sidebands.  The 
second  path  utilizes  two  cascaded  MZMs. 
MZM2  modulates  the  light  at  1 8  GHz  (L02) 
causing  the  generation  of  optical  sidebands. 
The  light  is  then  amplified  with  an  Erbium 
doped  fiber  amplifier  (EDFA)  before  being 
modulated  a  second  time  by  MZM3  (RF  In). 
At  this  point,  the  path  with  the  cascaded 
modulators  contains  wavelengths  at  the 
fundamental  frequency  (1550  nm),  the 
fundamental  ±18  GHz,  the  fundamental  -  RF 
Input,  and  the  fundamental  -  18  GHz-RF 


Input.  The  light  is  amplified  one  more  time 
before  it  is  passed  through  a  filter  that  selects 
one  of  the  optical  sidebands.  When  the  two 
paths  are  recombined  the  beat  signal  produced 
by  heterodyning  the  light  at  the  filtered  signal 
with  the  sideband  produced  by  LOl  is 
detected.  The  RF  powers  of  LOl  and  L02 
were  fixed  to  30  dBm.  PM  fiber  is  required  up 
to  the  final  3  dB  coupler.  Coherent 
instabilities  in  the  fiber  Mach-Zehnder  are 
minimized,  since  the  optical  filter  removes  the 
original  laser  wavelength,  such  that  only  the 
appropriate  L02  -  RF  sidebands  remain. 

An  example  of  how  the  system 
converts  a  received  9  GHz  signal  in  to  a  2 
GHz  IF  is  shown  in  Figure  2.  First  light  is 
transferred  into  an  optical  sideband  by  MZM1 
(LOl  =  25  GHz,  Figure  2.a).  At  the  same 
time,  light  in  the  second  path  is  converted  into 
18  GHz  sidebands  by  MZM2.  The  signal  is 
amplified  and  additional  9  GHz  sidebands  are 
generated  by  the  9  GHz  received  signal  that  is 
present  at  MZM  3  (Figure  2.b).  At  this  point, 
the  optical  spectrum  in  the  second  path 
consists  of  many  optical  wavelengths.  Next, 
the  light  is  passed  through  a  narrow  optical 
filter  (tunable)  which  selects  the  27  GHz 
sideband  (Figure  2.b).  Ideally,  at  this  point  the 
optical  spectrum  of  the  second  path  consists 
only  of  light  at  the  frequency  = 
fundamental+27  GHz.  Finally,  the  filtered 
sideband  is  heterodyned  with  the  25  GHz 
signal  of  path  one,  resulting  in 
downconversion  to  2  GHz  (Figure  2.c). 

The  use  of  the  narrow  band  filter 
allows  the  system  to  select  a  particular 
sideband  for  use  in  the  heterodyne 
downconversion.  As  a  result,  image 
frequencies  present  at  the  RF  input  are 
rejected.  For  example,  RF  input  at  5  GHz 
mixes  with  the  1 8  GHz  (L02)  sideband  to 
produce  a  23  GHz  sideband  (Figure  2.d). 
Without  the  filter  present,  this  would  generate 
a  duplicate  2  GHz  signal  at  the  output.  Thus, 
the  image  rejection  of  the  system  is  function 
filter  extinction. 

The  system  described  above  is  ideal  for 
remote  applications,  since  both  the  LOs  and 
the  output  may  be  remoted. 
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Figure  3.  Conversion  Loss  and  Image  Rejection. 


III.  Results  and  Discussion 

We  first  measured  the  conversion  loss 
(CL)  of  the  system  versus  the  input  RF 
frequency  for  various  values  of  LOl  (22-25 
GHz)  and  a  fixed  value  of  L02  (18  GHz). 
Figure  3  shows  the  power  of  the  converted 
signals  versus  the  RF  input  frequency.  The 
converted  signal  power  was  30-40  dB  below 
the  RF  input  power.  The  variation  in  the 
conversion  loss  was  due  in  part  to  the 
throughput  of  the  optical  filter,  which  was  set 
to  a  fixed  value  for  each  L02.  Lower 
conversion  losses  resulted  from  frequency 
shifts  near  to  the  center  wavelength  of  the 
optical  filter.  Due  to  the  large  conversion  loss, 
this  system  required  a  preamplifier. 

Next  the  image  rejection  properties  of 
the  system  were  measured.  The  RF 
frequencies  in  the  image  band  of  each 
L01/L02  frequency  combination  were 
injected  directly  into  the  RF  input  and  the 
power  of  the  converted  signal  was  measured. 
As  shown  in  Figure  3,  the  converted  image 
signals  were  20-30  dB  below  that  of  the 
desired  signals.  The  image  rejection 
performance  of  this  system  is  typical  of  the 
performance  reported  using  other  optical 
mixing  techniques  [9-12], 

The  image  rejection  capability  of  our 
system  was  measured  in  order  to  demonstrate 
how  this  technique  would  work  for  extremely 
broad  RF  input  ranges.  It  is  important  to  note 
that  if  the  RF  input  were  band  limited  to  6-1 1 


GHz  there  would  be  no  images,  since  the 
image  signals  for  the  L01=22-26GHz  and 
L02=18  GHz  combination  originate  from  RF 
inputs  below  6  GHz. 

Due  to  the  large  conversion  loss,  a 
preamplifier  (Pidb  =  27  dBm,  Gain  40  dB)  was 
added  to  the  system  before  measurement  of  the 
noise  figure  (NF).  The  NF  of  the  link  (Figure 
4),  including  the  preamp,  varied  between  16 
and  24  dB.  As  with  the  conversion  loss 
measurement,  the  NF  mapped  the  throughput 
of  the  optical  filter.  In  addition  to  enabling  a 
noise  figure  measurement,  adding  the 
preamplifier  to  the  system  decreased  the 
conversion  loss  to  approximately  zero. 


RF  Input  Frequency  (GHz) 

Figure  4.  Noise  Figure  versus  the  Input  Frequency. 

Finally,  experiments  were  performed  to 
determine  the  spurious  signal  performance  of 
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the  system.  This  was  done  by  sweeping  the 
RF  band  for  each  L01/L02  combination  and 
measuring  the  power  level  of  any 
unintentional  spurious  signal  which  appeared 
at  the  IF  output.  Figure  5  shows  that  the 
spurious  signals  were  more  than  40  dB  weaker 
than  the  desired  IF  signals.  It  may  be  possible 
to  improve  the  spurious  signal  rejection  by 
using  a  sharper  filter. 
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Figure  5.  Spurious  signal  performance. 
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Even  though  significant  image 
rejection  was  achieved,  there  are  still  areas, 
which  must  be  addressed.  First,  the  overall 
system  noise  figure  of  16-24  dB  is  too  high 
(>  60  dB  without  preamp).  The  noise  figure  is 
limited  by  the  V„  (10  V)  of  our  modulators. 
For  example,  utilizing  1  volt  modulators  [13] 
would  decrease  the  NF  of  the  system  by  20 
dB,  allowing  the  use  of  a  low-noise  preamp 
(30  dB  gain). 

IV.  Conclusions 

An  all-optical  wide-band  RF  image 
rejection  system  with  a  net  conversion  loss  of 
30-40  dB  and  over  20  dB  of  image -rejection 
was  presented.  The  NF  of  the  system  was 
below  24  dB  when  a  40  dB  gain  preamp  was 
used.  This  image-rejecting  downconverter 
system  may  be  useful  for  frequency 
conversion  in  direction  finding  and  other 
applications. 
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Abstract 

The  design  and  characterisation  results  of  a  prototype 
beamformer  for  receive  application  are  presented.  The 
four  channel  system  uses  switched  fibre  delay  lines  and 
signals  are  combined  optically  before  addition  on  a 
single  detector.  An  SFDR  of  101  dB  Hz2'3  has  been 
measured,  which  is  good,  given  the  use  of  a  low  power 
directly  modulated  laser  diode. 


Introduction 

The  Square  Kilometre  Array  (SKA)  is  the  next 
generation  aperture  synthesis  radio  telescope  [1] 
planned  for  operation  after  2010.  It  will  use  in  the  order 
of  hundred  telescope  stations  separated  up  to  a  few 
hundred  kilometres.  Each  of  the  stations  is  larger  than 
hundred  metres  in  diameter  to  provide  a  total  collecting 
area  of  a  million  square  metres.  An  important  class  of 
station  concepts  uses  array  technology  where  signals  of 
a  few  hundred  up  to  ten  thousand  elements  need  to  be 
combined  to  form  multiple  beams  on  the  sky.  In  view  of 
distance  and  bandwidth,  fibre  optics  is  the  technology 
of  choice,  which  supports  both  coherent  [2]  and 
incoherent  signal  processing. 

At  ASTRON  a  demonstrator  program  [3]  addresses  the 
application  of  wide  band  phased  array  technology  with 
the  goal  of  low  cost  solutions  for  RF  frequencies.  As 
second  in  this  series  a  One  Square  Metre  Array  (OSMA) 
has  been  built  for  the  2  -  4  GHz  band  and  is  tested  in  an 
anechoic  room  for  deterministic  and  adaptive  nulling 
performance.  The  large  bandwidth  dictates  the  use  of 
true  time  delay  (TTD)  steering  as  opposed  to  phase 
shifting.  The  64  element  array  has  a  three  level  hierarchy, 
which  starts  with  true  time  delay  column  beamformers 
for  four  elements,  followed  by  true  time  delay  row 
beamformers  again  using  four  inputs.  The  last  stage  is 
now  formed  by  a  photonic  beamformer  with  four  inputs 
and  two  bit  resolution  for  the  switched  fibre  delay 
covering  the  full  ninety  degree  scanning  range  for  the 
OSMA,  that  has  been  designed  by  TNO-FEL.  It 
substitutes  for  a  four-to-one  power  combiner  that  has 


been  used  in  previous  tests  of  the  OSMA.  The 
advantage  of  the  optical  beamformer  above  an  electrical 
implementation  is  the  large  bandwidth  and  the  ease  with 
which  large  delays  are  realised. 

These  techniques  are  also  applicable  to  phased  array 
radar  [4], 


Fig.  I  OSMA  demonstrator  in  anechoic  room  at 
As  Iron 

The  photonic  beamformer  uses  incoherent  optical  signal 
combination  on  a  single  detector.  A  key  advantage  is 
effective  nulling  before  detection,  which  limits  the 
required  dynamic  range  of  the  detector.  Coherent  adding 
requires  control  of  the  optical  phase  but  has  the 
advantage  of  additional  circuit  gain,  which  reduces  the 
required  dynamic  range  of  the  modulator.  The  latter  is 
important  for  the  Semiconductor  Optical  Amplifier 
modulators  using  a  common  light  source,  or  for  directly 
modulated  lasers  that  are  injection  locked.  The  current 
prototype  uses  cheap  DFB  lasers,  which  allows  us  to 
address  part  of  these  aspects. 
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Analogue  Optical  Link 

To  perform  the  beamforming  and  signal  addition  in  the 
optical  domain,  the  RF  signal  has  to  be  modulated  onto 
an  optical  carrier.  The  most  straightforward  way  to  do 
this  is  by  intensity  modulating  a  laser  diode  with  the  RF 
signal.  Laser  diodes  are  not  optimal  for  linearity  nor  for 
low  RIN  values  but  the  measured  performance  was 
sufficient  for  this  application.  The  signal  is  embedded  in 
the  noise  for  an  astronomical  radio  receiver  and  the 
spurious  free  dynamic  range  (SFDR)  is  of  importance 
only  because  of  the  high  interference  level  of  man-made 
interference. 

Because  of  the  high  total  optical  loss  in  the  beamformer 
plus  combiner,  the  noise  of  the  laser  is  below  the  shot 
noise  and  receiver  thermal  noise.  For  the  same  reason 
the  upper  linearity  limit  of  the  photodiode  is  not  reached. 
The  SFDR  of  the  link  could  be  enhanced  by  using 
components  with  matched  noise  and  spurious  levels. 
The  optical  power  on  the  photodiode  has  to  be  higher 
for  a  better  match. 

The  basic  schematic  of  the  photonic  link  is  shown  in 
figure  2.  First  the  input  RF  signal  (2. ..4  GHz)  generated 
by  a  lower  layer  in  the  antenna  hierarchy  is  amplified 
using  a  24  dB  low-noise  amplifier  (LNA)  with  4.8  dB 
noise  figure  and  37  dBm  output  third-order  intercept- 
point  (OIP3).  The  LNA  output  signal  is  broadband 
matched  to  the  laser  diode  using  resistive  matching. 
This  signal  directly  modulates  a  DFB  laser  diode.  The 
laser  diode  is  Lucent's  D572  1.5  pm  uncooled  laser  diode 
which  is  relatively  low-cost  and  originally  intended  for 
digital  communication  at  2.5  Gbit/s. 

After  optical  processing  in  the  optical  beamformer  the 
optical  carriers  are  combined  and  detected  using  an 
MRV  photodetector  intended  for  analogue  applications. 
The  detected  RF  signal  is  amplified  using  a  35  dB  LNA. 


Link  performance 


Fig.  2  Photonic  link  schematic,  LNA  before  laser:  +24 
dB,  after  photodiode  +35  dB. 


The  link  performance  is  measured  including  the  optical 
loss  due  to  the  beamformer.  Results  have  been 
summarised  in  table  1 . 

Total  gain  is  10  dB  in  the  band  of  interest.  Loss  due  to 
the  optical  beamformer  plus  RF-optical  interfaces  is 
49  dB.  The  laser  has  a  slope  efficiency  of  0.1  W/A,  the 
detector  has  a  responsivity  of  0.6  A/W.  This  accounts 
for  24.4  dB  loss,  the  rest  results  from  excess  loss  of  the 
switches,  fibre  connector  loss  and  6  dB  loss  of  the 
combiner. 

Noise  is  dominated  by  noise  generated  by  the 
photodetector  LNA  and  photodetector  shot-noise. 
Noise  figure  could  be  improved  by  more  amplification, 
the  reduction  of  the  optical  loss  or  the  addition  of 
optical  amplification.  The  noise  figure  of  the  link  is  30 
dB. 

The  main  source  of  suboctave  distortion  is  the  laser 
diode  which  results  in  a  total  output  IP3  of  17  dBm. 

This  results  in  a  total  suboctave  spurious-free  dynamic 
range  (SFDR)  of  101  dB-Hz*3. 

Because  of  high  optical  losses  and  high  RF  gain  special 
care  must  be  taken  to  appropriately  reduce  spurious  EM 
coupling  across  the  optical  link.  It  was  measured  to  be  in 
the  order  of -85  dB  which  is  35  dB  down  with  respect  to 
the  signal  through  the  link. 


Table  1  Summary  of  Photonic  Link  Performance 


frequency  range 

2 ..  4  GHz 

gain 

10  dB 

noise  figure 

30  dB 

output  IP3 

17  dBm 

SFDR 

101  dB-Hz*3 

channel-to-channel  isolation 

>  20dB 

True  Time  Delay  Beamforming 

For  beamsteering  with  a  large  frequency  range,  phase 
shifting  will  not  suffice  because  of  beamsquint  [5], 
Therefore  true  time  delays  have  been  used  in  the  OSMA 
demonstrator  The  first  hierarchical  layer  consists  of 
sixteen  four  channel  RF  beamforming  modules.  In  each 
module  four  amplifiers,  switchable  attenuators  and  four 
bit  microstrip  line  time  delay  is  used.  The  signals  of  four 
channels  are  combined  and  fed  to  the  output.  These 
sixteen  outputs  are  connected  to  the  inputs  of  the 
modules  in  the  next  hierarchical  level.  These  modules  are 
identical  however  without  the  amplifiers.  In  the  complete 
electronic  set-up  the  four  outputs  are  combined  without 
beamsteering.  This  limits  the  scan  range  considerably 
but  at  this  level  true  time  delays  in  microstrip  cannot  be 
conveniently  realised,  due  to  the  length  required.  The 
optical  beamformer  substitutes  this  last  stage  and  adds, 
in  the  optical  domain,  the  two  largest  bits  to  the 
beamformer. 
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Fig.  3  Schematic  of  antenna  frontend  in  OSMA  with  64 
antenna  elements,  16  first  level  beamformers,  4  second 
level  beamformers  and  the  power  combiner  which  has 
been  replaced  by  a  photonic  beamformer. 

The  smallest  delay  is  31.25  ps  and  each  subsequent  line 
length  is  twice  the  former.  This  results  in  16  settings 
which  divide  360°  at  2  GHz  and  allow  a  true  time  delay 
scan  angle  of  30°  from  bore  sight  for  the  all-electronic 
set-up.  The  addition  of  the  optical  beamformer  with  0.5 
and  1 .0  ns  delays  extends  the  scan  range  in  azimuth  to 
90°  and  in  elevation  to  39°  from  bore  sight  for  the 
complete  frequency  range.  Because  multiple  optical 
carriers  are  combined  and  detected  at  one  photodetector 
heterodyning  of  adjacent  optical  wavelengths  could 
occur.  Sufficient  optical  carrier  spacing  is  realised  both 
by  manufacturing  variations  and  by  different  biasing 
currents  of  the  laser  diodes. 

For  the  delay  lines  standard  9/125  pm  fibre  is  used  which 
is  cut  to  the  desired  lengths  with  a  precision  of  1  mm 
which  corresponds  to  5  ps.  FC-PC  connectors  are 
attached  and  polished.  The  switches  from  Photonic 
Integrated  Research  are  Si02  thermo-optic  2x2  switches, 
which  exhibit  only  1  dB  insertion  loss  fibre  to  fibre.  The 
optical  isolation  between  the  two  output  channels  is 
better  than  25  dB  if  the  switching  current  is  individually 
tuned.  When  the  switching  current  is  set  for  all  device 
together  an  isolation  of  20  dB  is  attainable. 


Fig.  4  Switched  delay  line  configuration  and  fibre 
coupler 

The  delay  lines  were  fabricated  with  lengths  matching 
the  required  delay  to  better  than  1  ps.  The  difference  in 
delay  between  the  channels  has  been  eliminated  by  the 
addition  of  fibre  before  the  4: 1  coupler. 


Antenna  measurements  will  be  performed  shortly  and 
will  be  presented  at  the  conference. 


Fig.  5  Top  view  of  the  photonic  demonstrator.  The  RF 
parts  are  situated  below  the  metal  covers  on  the  left 
and  right  side.  Dimensions:  340 x  265  x  43  mm. 


Conclusions 

A  photonic  true  time  delay  beamformer  has  been  realised 
with  large  time  delays  from  potentially  low  cost 
components.  An  uncooled  DFB  laser  for  digital 
applications,  a  CATV  photodiode  and  Si02  switches 
have  been  used.  Signal  addition  is  performed  in  the 
optical  domain.  The  complete  beamforming  part  of  the 
system  is  frequency  independent. 

The  optical  link  has  a  noise  figure  of  30  dB  and  an  SFDR 
of  101  dB  Hz2'3. 


References 

1.  Taylor  et  al. , 

www.ras.ucalgary.ca/SKA/science/science.html 

2.  K.  Wagner  et  al.,  “Efficient  True-Time-Delay 
Adaptive-Array  Processing”,  SPIE  vol.  2845,  Aug 
1996 

3.  A.  Van  Ardenne,  F.M.A.  Smits,  “R&D  for  a  Large 
Adaptive  Radio  Telescope”,  proc.  Estec.  workshop 
“Large  antennas  in  Radio  Astronomy”  Feb.  1996 

4.  H.  Zmuda,  E.N.  Toughlian,  Photonic  aspects  of 
modern  radar,  1994  Artech  House 

5.  R.J.  Mailloux,  Phased  array  antenna  handbook, 

1 994  Artech  House 


80 


TU3.2 


PHOTONIC  DIFFERENTIAL  DELAY 
BEAM  FORMING  NETWORK  FOR  PHASED- ARRAY  ANTENNAS 


Claude  Belisle,  Caroline  Delisle,  John  Oldham 
Communication  Research  Centre 

3701  Carling  Avenue,  Box  11490,  Station  H,  Ottawa,  Ontario  K2H  8S2 
Tel.:(613)998-2605,  fax:(613)990-0316,  claude.belisle@crc.ca 


Abstract  -  A  technique  combining  photonic  and  mi¬ 
crowave  technologies  is  proposed  for  phased-array 
beam  steering.  Performance  results  of  a  prototype 
implementation  are  given.  The  approach,  based  on  a 
differential  delay  line  network,  significantly  reduces 
the  complexity  of  the  phase  weighting  mechanism 
and  the  Tx/Rx  modules  by  performing  signal  condi¬ 
tioning  and  phase  weighting  in  the  central  processor. 

1  Introduction 

Phased  array  antennas,  with  electronic  beam  steer¬ 
ing,  have  been  the  dream  for  both  radar  and  commu¬ 
nications  applications  for  many  years.  Despite  early 
promise,  they  have  been  slow  in  developing.  Most 
array  antennas  still  have  fixed  beams  with  POMS 
(Plain  Old  Mechanical  Steering).  The  implementa¬ 
tion  difficulties  arise  from  the  practicality  of  imple¬ 
menting  a  low  loss,  lightweight  signal  distribution 
network,  and  of  controlling  a  large  number  of  phase 
shifters  associated  with  the  antenna  elements.  Pho¬ 
tonics  could  provide  the  technology  to  alleviate  the 
major  drawbacks  of  a  conventional  microwave  im¬ 
plementation.  If  fibre  optics  were  used,  instead  of  RF 
waveguides,  then  the  distribution  network  could  be 
made  much  smaller,  lighter,  more  flexible,  with  re¬ 
duced  EMI  problems.  Photonics  also  offer  the  capa¬ 
bility  of  remote  control  of  the  antenna  sensors,  thus 
reducing  the  complexity  of  the  sensors. 

In  this  paper,  a  photonic  implementation  of  a  phased 
array  beamforming  network  is  described.  The  tech¬ 
nique  presented,  based  on  differential-delay  network, 
simplifies  considerably  the  phase  weighting  mecha¬ 
nism  and  allows  a  significant  reduction  in  the  com¬ 
plexity  of  the  transmit  and  receive  (T/R)  modules. 

In  the  following  sections,  the  architecture  is  de¬ 
scribed,  followed  by  a  description  of  a  scaled-down 
implementation  of  a  5.3  GHz  phased  array  and  per¬ 
formance  results. 

2  Architecture 

In  [1],  a  frequency  scanning  technique  is  proposed  as 
a  mean  to  adjust  the  phase  of  the  microwave  signal. 
By  varying  the  frequency  of  the  microwave  signal 
propagating  over  a  fixed  path  length  the  phase  shift 


required  for  beam  steering  can  be  obtained.  The 
drawback  is  of  course  that  the  output  frequency  var¬ 
ies  according  to  the  desired  phase  shift.  In  [2],  Seeds 
proposed  the  use  of  a  differential  delay  network  to 
obtain  the  desired  phase  shift  and  maintain  the  fre¬ 
quency  of  the  transmitted  signal.  Two  distribution 
networks  are  used,  one  with  equal  propagation  dis¬ 
tance  to  each  antenna  element  and  one  with  a  length 
increment  AL  between  the  elements.  Two  signals  of 
frequency  f  and  f-Af  are  sent,  one  in  each  network. 
The  signals  are  mixed  at  the  antenna  element  and  the 
sum  frequency  is  kept.  The  phase  of  the  resulting 
signal  becomes  a  function  of  the  frequency  differ¬ 
ence  between  the  two  signals  as  expressed  by: 


A  <p  = 


2mAL 


A/ 


(1) 


c 

where  n  is  the  refractive  index  of  the  distribution 
network  and  c  the  speed  of  light.  This  approach 
however  reduces  the  degree  of  freedom  for  the  phase 
weights  since  the  phase  of  each  element  is  being  set 
by  the  selection  of  the  difference  in  frequencies. 


In  this  paper,  the  differential  delay  network  concept 
is  further  extended  to  the  design  of  a  two- 
dimensional  phased-array  antenna.  The  number  of 
degrees  of  freedom  is  increased  by  combining  two 
different  phase  weighting  techniques.  The  receiving 
function  of  the  antenna  is  also  addressed  and  a 
schematic  diagram  of  the  Tx/Rx  module  is  shown. 

Figure  1  shows  a  functional  block  diagram  of  the 
transmit  part  of  the  beam  forming  network.  The 
phase  weighting  mechanism  is  implemented  using 
two  separate  processes  for  two  orthogonal  steering 
angles,  one  for  the  along  track,  one  for  the  across 
track  steering  of  the  two-dimension  antenna.  This  is 
possible  since  the  required  phase  weight  <Kxn,ym), 
which  must  be  applied  to  element  (n,m)  to  obtain  a 
beam  in  the  direction  (a,  (3),  can  be  expressed  as  the 
sum  of  two  phase  weights,  one  along  track,  <t>ai(xn) 
and  one  across  track,  <t>ac(ym)  as  shown  in  Equation  2. 
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AEIU  =  Antenna  Element  Interface  Unit 


Figure  1  :  Optoelectronic  phased-array  architecture  for  transmitting 


2  n 


</>(Xn  .  ym  )  =  T sin  P(Xn  C0S  a  +  yn  sin  P) 


A 


<Kxn,ym)  =  rl(xn)  +  r(yJ 


(2) 


As  shown  in  Figure  1,  two  signals  are  distributed  to 
each  antenna  element  interface  unit  (AEIU),  one  at 
frequency  fparaiiei=fc-f<j)  and  one  at  frequency  fsequen- 
tiai=fr-f<t>-  At  the  AEIU,  the  two  signals  are  detected, 
and  the  resulting  RF  signals  are  amplified  and  mixed 
as  shown  in  Figure  2.  These  two  signals  are  the 
mixing  products  of  a  tone  frequency  and  a  variable 
frequency  synthesiser. 


Figure  2  :  Architecture  of  AEIU 

In  one  arm,  the  sum  frequency  resulting  from  the 
mixing  is  kept,  while  the  difference  frequency  is  kept 
in  the  other  branch.  In  Figure  1,  the  signal  resulting 
from  the  mixing  of  f$  and  fc  is  distributed  to  every 
antenna  elements  on  an  equal  path  distribution  net¬ 
work.  The  signals  detected  at  the  different  AEIUs 
are  then  all  in  phase.  The  distributed  signal  is  an 
intensity  modulated  optical  carrier.  Multiple  lasers 
are  used  to  maintain  a  acceptable  power  level  at  the 


antenna  elements  without  using  costly  optical  ampli¬ 
fiers. 

Phase  weighting  is  performed  using  the  other  mixing 
product  (fr  -  f$).  In  this  case,  the  mixing  product  is 
split  into  N  branches,  one  per  row  of  the  antenna.  To 
each  of  these  signals,  across  track  phase  weights  are 
applied  using  conventional  RF  phase  shifters.  These 
weights  are  provided  to  the  system  by  the  CPU, 
based  on  calculation  requested  by  the  user  for  the 
desired  beam  steering  angle.  Each  across  track 
phase  weighted  signals  intensity  modulates  an  opti¬ 
cal  carrier.  Direct  modulation  is  shown  in  Figure  1 
but  external  modulation  could  be  used  for  higher 
frequencies. 

Along  track  phase  weights  are  automatically  created 
by  the  differential  delay  network  approach.  The 
modulated  optical  signals  are  distributed  to  the  an¬ 
tenna  elements  sequentially  fashion.  Each  element  of 
a  same  row,  receives  the  signal  at  a  time  At  after  its 
predecessor.  At  is  equal  to  nAL/c,  where  n  is  the 
refractive  index  of  the  optical  fibre,  c  the  speed  of 
light  in  free  space,  and  AL  is  the  path  length  incre¬ 
ment  between  two  consecutive  elements  of  a  row. 
From  Equation  (1),  the  propagation  delay  imparts  a 
phase  shift  between  elements  proportional  to  the  fre¬ 
quency  of  the  distributed  signal.  This  frequency  may 
be  set  by  varying  fy.  From  [3],  the  value  of  f<j>  to 
provide  along  track  phase  shift  can  be  computed 
from: 
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(  \T  \ 

4  =fr  -T7  sin/?  sin  a  (3) 

W 

where,  X  is  the  free  space  wavelength  of  the  trans¬ 
mitted  frequency. 

The  two  intensity  modulated  optical  input  signals  are 
detected  and  the  resultant  electrical  signals  are 
mixed.  The  sum  frequency,  fr  +  fc  ,  is  kept  using  a 
microwave  filter.  The  mixed  signal  is  now  properly 
phased  for  beam  steering  as  its  phase  equals  the  sum 
of  the  phase  of  the  two  modulation  signals. 

The  same  phase  weighting  mechanism  can  be  used 
to  steer  the  received  beam.  To  accomplish  this,  the 
fr  +  fc  signal  is  used  as  the  local  oscillator  for  the 
down-conversion  of  the  received  signal.  Out  of  the 
mixer  IF  port  is  a  signal  at  the  difference  frequency 
between  the  LO  and  the  received  RF  signal.  The 
phase  of  the  IF  signals  generated  by  every  elements 
are  automatically  in  phase  and  can  be  coherently 
added. 


Figure  3  depicts  another  approach  for  the  design  of 
the  AEIU. 


Figure  3  :  Alternate  design  for  antenna  element 


In  this  case,  RF  mixing  is  done  by  optical  devices. 
Instead  of  using  a  conventional  RF  mixer,  the  output 
of  a  photodetector  is  fed  into  the  bias  port  of  the  sec¬ 
ond  detector  [4],  The  electrical  signal  out  of  this 
second  detector  contains  the  mixing  product  of  the 
two  signals  modulating  the  input  optical  signals. 

It  can  be  seen,  from  equation  1,  that  only  M+N  phase 
shifters  (one  per  row  and  one  per  column)  are  actu¬ 
ally  required  to  address  every  element,  instead  of 
M*N.  The  consequence  of  this  approach  is  that  two 
distribution  networks  are  needed,  one  to  address  the 
rows,  one  to  address  the  columns.  This  would  be 
toocostly  to  realise  with  RF  waveguides,  but  per¬ 
fectly  feasible  with  fibre  optics. 

3  System  Implementation 

The  approach  described  above  has  been  imple¬ 
mented  at  CRC  in  a  two-by-two  transmit  only  array. 
Table  1  gives  the  frequency  plan  for  the  three  mi¬ 
crowave  signals  used.  The  resulting  RF  signal  was 
at  5.3  GHz. 


Table  1 :  Frequency  plan 


SYMBOL 

VALUE 

fc 

2.0  GHz  ±  50  MHz 

fr 

3.35  GHz 

f* 

400  MHz  ±  50  MHz 

^parallel  —  fc  “  f<b 

1.6  GHz  ±  100  MHz 

fsequential  f r  "  f <J> 

3.75  GHz  ±  50  MHz 

foperation  f parallel 

fsequential 

5.35  GHz  ±  50  MHz 

Figure  4  shows  the  frequency  spectrum  of  the  an¬ 
tenna  element  output  signal.  It  can  be  noted  that  the 
noise  floor  is  around  -67  dBc  while  some  harmonics 
are  at  -50  dBc  to  -40  dBc.  The  digital  synthesiser 
feeding  fc  was  found  to  be  the  source  of  the  spurious 
harmonics. 


Frequency  [GHz] 

Figure  4  :  Output  of  antenna  element 

Figure  5  illustrated  the  across  track  phase  steering 
capability.  As  shown  in  equation  1,  the  phase  shift 
between  two  elements  on  the  same  row  varies  line¬ 
arly  with  the  frequency  of  the  signal  fy.  A  frequency 
shift  of  ±40  MHz  on  imparts  a  phase  shift  of  180° 
on  the  output  signal  at  5.3  GHz. 


Af<t>  [MHz] 


Figure  5  :  Across  track  steering 


83 


TU3.2 


A  linear  relationship  also  applies  between  the  phase 
difference  between  two  elements  in  the  same  column 
and  the  phase  applied  to  the  phase  shifters  of  those 
elements.  Figure  6  illustrates  the  along  track  phase 
steering  capability.  The  phase  shift  between  two 
antenna  elements  on  the  same  column  varies  linearly 
with  when  the  phase  applied  to  the  phase  shifter  of 
one  of  the  elements. 


Phase  shift  applied  [degrees] 


Figure  6  :  Along  track  steering 

Total  antenna  steering  is  achieved  by  combining  the 
effects  of  the  along  and  across  track  phase  weight. 
Figure  7  illustrates  the  total  antenna  steering  capa¬ 
bilities.  The  phase  applied  on  the  phase  shifter  of 
one  element  is  varied  for  two  different  values  of  the 
frequency  of  signal  f^.  The  output  phase  varies  line¬ 
arly  with  the  phase  applied  on  the  phase  shifter  as 
illustrated  in  Figure  6,  and  a  30°  phase  shift  is  im¬ 
parted  by  a  5  MHz  frequency  shift  as  illustrated  in 
Figure  5. 


Figure  7  :  Total  steering 


4  Conclusion 

A  novel  architecture  for  phased  array  beam  steering 
has  been  proposed  and  performance  results  of  a 
scaled-down  implementation  have  been  given.  The 
architecture  combines  photonic  and  microwave  tech¬ 
nologies.  The  approach  is  based  on  the  separation  of 
the  phase  weights  into  two  orthogonal  directions, 
one  along  track  and  one  across  track.  The  across 
track  steering  is  done  using  an  optical  differential 
delay  line  network,  while  the  along  track  steering  is 
done  using  conventional  microwave  phase  shifters. 
This  enables  a  reduction  of  the  number  of  RF  phase 
shifters  to  M+N  compared  to  M*N  for  conventional 
designs.  Offsetting  the  reduction  of  the  number  of 
phase  shifters  is  the  addition  of  two  frequency  syn¬ 
thesisers.  A  signal-to-spurious  ratio  of  53  dB  at  the 
output  of  the  AEIU  was  obtained.  Linear  properties 
of  the  along  and  across  track  phase  steering  relative 
to  phase  shifting  and  differential  delay  was  demon¬ 
strated  in  the  laboratory. 
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Abstract 

The  performance  of  an  integrated  optical  RF  phase 
shifter  is  analysed  in  the  context  of  a  phased  array  an¬ 
tenna.  The  device  consists  of  a  variable  optical  direc¬ 
tional  coupler  and  an  integrated  feedback  loop.  A  basic 
model  of  a  linear  array  utilising  these  devices  indicates 
its  suitability  for  broadband  phased  array  applications. 

I.  Introduction 

Phased  array  technology  over  the  years  has  developed 
from  relatively  diverse  military  applications  and  is  find¬ 
ing  use  in  a  growing  list  of  commercial  possibilities.  Op¬ 
tical  beamforming  networks  have  several  well-known  ad¬ 
vantages  over  their  electrical  counterparts  including  their 
broadband  nature,  reduced  weight  and  size  and  immunity 
to  EMI  [1],  [2].  It  is  these  factors  that  have  seen  the  recent 
proposal  and  development  of  optical  beamformers  time 
steered  systems  (for  example,  [3]).  Unfortunately  associ¬ 
ated  with  the  implementation  of  most  optical  beamform¬ 
ing  networks  are  the  high  component/installation  costs. 
For  this  reason,  as  was  pointed  out  in  [2],  there  are  only 
few  examples  of  real-world  systems  taking  advantage  of 
this  technology  (one  such  example  is  in  [4]). 

Recently  we  introduced  an  integrated  photonic  device 
that  can  provide  a  broadband,  tunable  RF  phase  shift  [5], 
[6].  The  device  comprises  of  a  variable  optical  directional 
coupler  and  an  optical  feedback  loop,  either  integrated 
within  the  device  (as  in  [6])  or  external  to  the  coupler  us¬ 
ing  an  optical  fibre  [5].  The  device  can  yield  true-time 
delay  over  multiple  octaves,  with  the  upper  frequency 
limit  set  by  the  size  of  the  feedback  loop  and  its  asso¬ 
ciated  resonance.  Importantly,  an  optical  beamforming 
network  utilising  this  photonic  device  does  not  require  a 
tunable  optical  source  to  provide  the  necessary  time  de¬ 
lay  thereby  reducing  the  overall  cost  of  the  beamformer. 
Also  the  photonic  proposed  RF  phase  shifter  can  provide 
variable  phase  shifts,  so  unlike  typical  switched  path  de¬ 
lay  lines  networks  (for  example  [4]),  it  does  not  suffer  the 
associated  resolution  problems  [3]. 

In  this  paper,  we  investigate  the  previously  developed 
integrated  optic  RF  phase  shifter  [5],  [6],  in  a  beamform¬ 


ing  network.  In  particular  we  propose  a  suitable  architec¬ 
ture  that  optimises  the  performance  of  the  devices  in  con¬ 
cert.  Models  of  this  system  performance  are  presented. 

II.  Review  of  Device  and  Characteristics 


Fig.  1.  Schematic  of  the  phase  shifter  device  indicating  integrated  di¬ 
rectional  coupler  and  delay  line. 

As  mentioned  before,  the  integrated  optic  RF  phase 
shifter  consists  of  a  variable  optical  directional  coupler 
with  an  output  port  fed  back  to  one  of  its  input  ports  via 
a  delay  line  [5]  as  depicted  in  Figure  1.  The  delay  line 
causes  a  phase  shift  in  the  optical  signal  proportional  to 
its  length.  By  varying  the  applied  DC  bias  to  the  coupler, 
the  amount  of  optical  power  in  the  feedback  loop  can  be 
adjusted  resulting  in  a  variable  phase  shift  of  the  output 
signal  of  the  device.  The  magnitude  and  phase  trends  of 
the  device  as  a  function  of  the  applied  DC  voltage  have 
recently  been  verified  for  several  configurations  utilising 
the  proposed  photonic  device  [5],  [6], 

Figure  2  shows  the  theoretical  phase  response  of  an  in- 
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tegrated  optic  RF  phase  shifter  with  a  =  0.04cm-1,  at 
an  optical  wavelength  of  1.3  gm  and  a  loop  length  of  2.8 
cm,  similar  to  the  integrated  device  presented  in  [6]  over 
the  frequency  span  of  0-1 .8  GHz.  From  this  diagram  it 
is  evident  that  there  is  a  reasonable  range  of  phase  shifts 
that  scale  approximately  linearly  with  frequency.  For  the 
phase  shifter  in  Figure  2  there  is  however,  a  sharp  reso¬ 
nance  towards  2.2  GHz  where  the  delay  along  the  feed¬ 
back  loop  equals  180°,  causing  the  phase  response  to  be¬ 
come  strongly  non-linear  and  therefore  must  be  avoided 
for  true  time  delay  operation.  The  device  in  Figure  2  (and 
[6]),  has  a  phase  tuning  range  of  35-95°  (for  a  phase  er¬ 
ror  of  less  than  6°)  at  1 .2  GHz,  corresponding  to  coupling 
ratios,  x,  between  0.65-1.  Of  course  x  =  0  can  also  be 
used  to  provide  zero  phase  shift.  An  in  depth  evaluation 
of  the  dependence  of  the  length  and  associated  losses  is 
given  in  [5],  [6], 

Figure  3  shows  the  corresponding  plot  of  the  resulting 
amplitude  of  the  integrated  optic  RF  phase  shifter  over 
the  same  frequency  span.  As  can  be  seen  from  Figure 
3,  the  attenuation  of  the  device  varies  as  a  function  the 
applied  bias  and  in  some  circumstances  as  a  function  of 
frequency  as  well.  When  the  device  is  completely  off 
(x  =  0),  the  loss  due  to  the  loop  is  zero,  when  the  device 
is  completely  on  (x  =  1),  the  resonator  contributes  loss 
equal  to  one  complete  circuit  of  the  loop.  At  intermedi¬ 
ate  points,  due  to  the  recirculating  nature  of  the  resonator, 
optical  losses  in  excess  of  a  complete  loop  circuit  could 
be  expected.  Further  as  the  frequency  varies  and  the  RF 
phase  delay  caused  by  the  loop  approaches  180°,  the  RF 
signal  modulated  onto  the  optical  carrier  will  begin  to 
cancel,  further  contributing  to  the  signal  loss  through  the 
device. 


Fig.  2.  The  frequency  dependent  phase  shift  produced  by  the  integrated 
photonic-RF  phase  shifter  for  several  coupling  ratios  (x). 

The  cancellation  approaching  resonance  can  be 
avoided  by  operating  the  device  well  below  the  resonant 
frequency.  As  discussed  in  [5]  and  pointed  out  earlier, 
to  maintain  linearity  of  phase  with  frequency,  the  device 
must  be  operated  below  this  frequency  in  any  case.  The 
signal  attenuation  due  to  optical  losses  within  the  loop 
is  of  more  significance.  Although  it  is  possible  to  fabri¬ 
cate  very  low  attenuation  bends  with  very  small  radii,  the 


Fig.  3.  The  frequency  dependent  amplitude  variation  produced  by  the 

integrated  photonic-RF  phase  shifter  for  several  coupling  ratios  (i). 

tunability  of  the  device  depends  upon  a  certain  amount 
of  loss  within  the  recirculating  loop  to  dampen  the  reso¬ 
nance  as  discussed  in  [5]. 

III.  Proposed  Beamforming  Architectures 

Typically,  the  broadband  phase  shifter  is  to  be  used  in 
a  fairly  large  array  environment  such  as  for  radio  astron¬ 
omy  telescopes  [7],  The  performance  of  the  device  in 
[5],  [6]  should  therefore  be  analyzed  with  reference  to 
its  impact  on  the  predicted  performance  of  such  an  array. 
Having  verified  in  [5],  [6]  that  the  realized  integrated  de¬ 
vice  does  indeed  behave  as  predicted  by  Equation  1  in  [5], 
this  equation  can  be  used  to  model  the  device  in  the  de¬ 
velopment  and  analysis  of  a  phased  array  antenna  system 
model. 

The  simple  one  dimensional  linear  antenna  array  to  be 
modeled  consisted  of  32  identical  isotropic  radiating  ele¬ 
ments.  Each  of  these  elements  was  spaced  7.5cm  apart 
ensuring  no  grating  lobes  occur  in  visible  space  when 
scanning  to  60°  at  1 .8GHz.  Using  the  expression  for  the 
phase  required  for  each  element  (Equation  6-18  in  [8]) 
and  the  previously  given  array  specifications,  the  largest 
phase  shift  required  for  an  antenna  element  will  be  about 
4500°  for  scanning  to  60°  at  1.8GHz.  From  Figure  2, 
the  maximum  phase  shift  available  for  a  single  device  is 
about  160°  and  thus  around  28  nominally  identical  phase 
shifters  would  need  to  be  cascaded  for  each  antenna  ele¬ 
ment  to  ensure  60°  coverage.  Examination  of  Figure  3 
indicates  that  attenuation  of  several  dB  per  device  could 
be  expected.  If  28-cascaded  devices  were  required  the  cu¬ 
mulative  attenuation  would  be  intolerable.  It  is  thus  clear 
that  the  attenuation  of  the  device  is  an  issue  that  must  be 
addressed.  The  following  sections  present  two  proposed 
beamformer  configurations  and  comment  on  how  device 
attenuation  may  be  countered  with  each. 

A.  Phase  system  architecture  A 

A  simple  model  where  each  active  phase  shifter  con¬ 
tributes  an  equal  amount  of  phase  shift  to  the  overall 
phase  shift  per  antenna  element  is  depicted  in  Figure  4. 
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The  number  of  active  phase  shifters  is  the  desired  phase 
shift  divided  by  the  maximum  phase  shift  for  a  single 
device  plus  one.  All  remaining  phase  shifters  can  be 
switched  off  x  —  0.  The  desired  phase  shift  is  then  di¬ 
vided  equally  amongst  the  active  phase  shifters,  whose  x 
value,  and  corresponding  bias  voltage,  can  be  found  by 
numerically  solving  Equation  1  in  [5].  In  this  approach 
the  active  phase  shifters  have  x  close  to  1,  which,  as  can 
be  seen  from  Figures  2  and  3,  provides  the  most  linear 
phase  and  also  minimal  frequency  dependent  attenuation. 

The  array  performance  was  analyzed  by  calculating  the 
array  factor  and  then  determining  the  beam  angle  and 
side-lobe  level  from  this  value.  The  beam  squint  is  de¬ 
fined  as  {0 desired  0 actual) 1 0 desired  *Uld  side-lobe  level 
for  the  system  depicted  in  Figure  4  are  presented  in  Fig¬ 
ures  5  and  6.  The  calculation  of  x  values  for  each  ac¬ 
tive  phase  shifter  was  conducted  at  1 .4GHz,  in  anticipa¬ 
tion  of  the  bowing  of  phase  response  evident  in  Figure 
2.  This  explains  why  the  beam  squint  and  side  lobe  lev¬ 
els  have  nulls  at  this  frequency.  Although  the  choice  of 
this  frequency  was  arbitrary,  a  more  sophisticated  means 
of  choosing  the  frequency  at  which  the  phases  should  be 
calculated  could  be  devised  to  optimally  balance  the  er¬ 
rors  at  both  low  and  high  frequencies. 


Fig.  4.  Schematic  diagram  of  phasing  system  A.  Phase  shift  is  divided 
equally  among  active  phase  shifters. 


The  beam  squint  in  Figure  5  is  at  a  maximum  at  low 
scan  angles  due  to  the  nature  of  its  definition.  For  all  an¬ 
gles,  the  beam  squint  is  above  lmost  of  the  band.  The 
side-lobe  level  remains  around  -13dB  in  the  ideal  case 
while  the  cumulative  phase  errors  of  this  system  causes 
the  side-lobe  level  in  Figure  6  to  rise  at  large  beam  an¬ 
gles  and  higher  frequencies.  For  60°,  the  side-lobe  level 
begins  to  rise  towards  higher  frequencies  but  remains  tol¬ 
erable  at  below  -lOdB. 

It  would  seem  that  the  device  could  operate  reasonably 
well  across  the  whole  band  from  200MHz  to  1 . 8GHz  with 
a  scan  angle  of  up  to  60°.  This  is  due  mostly  to  the  fact 
that  the  cascaded  architecture  allows  most  of  the  shifters 
to  be  operated  near  x  =  1  where  the  frequency  depen¬ 
dent  phase  error  is  lowest.  Note  also  that  near  x  —  1  the 
frequency  dependent  attenuation  is  also  a  minimum,  and 
so  an  amplification  scheme  based  on  the  number  of  active 
phase  shifters  and  the  x  used  by  each  could  be  devised  to 
compensate  for  the  excess  losses. 

B.  Phase  system  architecture  B 

In  light  of  the  fact  that  keeping  the  phase  shifters  near 
x  =  1  is  desirable,  an  improvement  can  be  made  to  sys¬ 
tem  architecture  A.  This  improved  system  is  depicted  in 
Figure  7.  The  number  of  phase  shifters  required  is  chosen 


frequency  (MHz) 


Fig.  5.  The  simulated  beam  squint  as  a  function  of  frequency  for  a 
range  of  beam  angles  using  phasing  system  A. 


frequency  (MHz) 

Fig.  6.  The  simulated  side  lobe  level  as  a  function  of  frequency  for  a 
range  of  beam  angles  using  phasing  system  A. 

exactly  as  for  system  A.  The  difference  between  system 
A  and  system  B  is  in  how  the  phase  shift  is  distributed 
across  the  active  phase  shifters.  The  desired  phase  shift  is 
divided  by  the  maximum  phase  shift  available  for  a  sin¬ 
gle  device  to  give  an  integer  number  and  a  remainder. 
The  integer  number  is  the  number  of  phase  shifters  that 
are  set  completely  on,  while  the  remainder  is  fine-tuning 
performed  by  a  single  phase  shifter  device.  The  remain¬ 
der  phase  shift  could  be  a  very  small  value,  requiring  a 
low  value  of  x.  As  is  evident  from  Figures  2  and  2,  it 
is  at  low  values  of  x  that  the  frequency  dependent  phase 
non-linearity  and  attenuation  are  most  severe  and  should 
thus  be  avoided.  These  low  x  values  can  be  avoided  by 
reducing  the  number  of  on  shifters  by  one  and  then  divid¬ 
ing  the  total  of  the  remainder  phase  shift  plus  the  maxi¬ 
mum  single  device  phase  shift  between  the  two  devices. 
This  scheme  has  been  adopted  for  System  B  whenever 
the  remainder  phase  shift  was  less  than  half  the  maximum 
available  phase  shift. 
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Figures  8  and  9  present  the  beam  squint  and  side-lobe 
level  predicted  for  a  phased  array  based  on  system  B.  No¬ 
tably,  the  beam  squint  is  an  order  of  magnitude  less  than 
System  A.  The  side-lobe  level  is  also  improved.  Aside 
from  the  improved  performance  offered  by  this  archi¬ 
tecture,  one  of  its  main  advantages  is  its  significant  re¬ 
duction  of  frequency  dependent  variations  in  both  phase 
and  magnitude.  A  device  with  either  x  —  0  or  x  —  1 
has  no  frequency  dependent  phase  discrepancy  or  atten¬ 
uation.  Thus  regardless  of  phase  shift  required,  a  maxi¬ 
mum  of  two  phase  shifters  will  be  responsible  for  limiting 
the  bandwidth  of  this  system.  Further  if  the  attenuation 
of  a  device  in  its  on  state  and  its  off  state  can  be  mini¬ 
mized,  then  the  excessive  attenuation  due  to  many  cas¬ 
caded  devices  could  be  avoided.  One  possible  method  to 
achieve  this  would  be  to  design  the  feedback  loop  with 
the  minimum  possible  loss,  but  incorporate  an  adjustable 
loss  mechanism  such  as  an  integrated  absorption  or  leak¬ 
age  modulator.  The  loss  of  the  loop  could  then  be  added 
only  when  needed  for  the  active  modulators  performing 
the  fine-tuning. 


frequency  (MHz) 


Fig.  8.  The  simulated  beam  squint  as  a  function  of  frequency  for  a 
range  of  beam  angles  using  phasing  system  B. 


frequency  (MHz) 

Fig.  9.  The  simulated  side  lobe  level  as  a  function  of  frequency  for  a 
range  of  beam  angles  using  phasing  system  B. 
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IV.  Conclusions 

The  performance  of  the  integrated  photonic  RF  phase 
shifter  of  [6]  in  a  32  element  antenna  array  has  been  in¬ 
vestigated  and  it  has  been  found  that  the  device  showed 
great  promise  for  beam  steering  in  large  broad  band  an¬ 
tenna  arrays. 


88 


TU3.4 


Beam-Steering  of  Receiving  Array  Antenna  Using 
Local  Signal  Beamformer  by  Optical  Signal  Processing 

Tomohiro  Akiyama,  Keizo  Inagaki,  and  Yoshihiko  Mizuguchi 
ATR  Adaptive  Communications  Research  Laboratories 
2-2  Hikaridai  Seika-cho,  Soraku-gun,  Kyoto  619-0288,  JAPAN 
Tel:  +81-774-95-1566,  Fax:  +81-774-95-1508,  e-mail:  aki@acr.atr.co.jp 


Abstract-  Beam-steering  of  receiving  array  antenna 
using  local  signal  beamformer  by  optical  signal  pro¬ 
cessing  is  demonstrated  in  the  X-band.  The  arriving 
direction  of  RF  beam  is  recognized  from  the  location 
of  the  light  in  optical  signal  processor. 

I.  Introduction 

Array  antennas  are  expected  to  be  effective 
for  use  in  advanced  wireless  communications, 
such  as  mobile  radio  communications,  wireless 
LANs  and  satellite  communications  [1],  Re¬ 
cently,  the  application  of  photonics  technology 
to  microwave  array  antennas  has  been  studied 
[2] .  An  optically  controlled  phased  array  antenna 
is  suitable  for  fiber-optic  microwave  or  millime¬ 
ter  wave  links.  In  particular,  coherent  optical 
techniques  generate  the  high-quality  microwave 
carrier  signals  directly  from  the  frequency  off¬ 
set  between  the  lights  by  a  heterodyne  technique 
[3-8].  The  relative  phase  shifts  between  adja¬ 
cent  antenna  element  are  introduced  in  the  opti¬ 
cal  domain  where  wavelength  is  considerably 
short,  thus  reducing  beamformer  size  require¬ 
ments.  Optical  components  such  as  a  lens  and 
optical  fibers  can  be  combined  to  make  a 
beamformer  using  the  spatial  optical  signal  pro¬ 
cessing  method.  The  use  of  a  Fourier  transform 
(FT)  lens  enable  beam  forming  to  be  carried  out 
by  simply  arranging  the  light  source  in  the  front 
focal  plane  of  the  FT  lens.  However,  in  coher¬ 
ent  optical  techniques,  most  papers  have  dis¬ 
cussed  only  the  transmission  mode,  very  few 
have  discussed  the  receiving  mode.  This  is  be¬ 
cause  of  the  difficulty  of  achieving  optical  phase 
stability,  i.e.  maintaining  optical  path  lengths. 
Shibata  et  al.  proposed  the  use  of  optical  inte¬ 
grated  circuits  in  order  to  remove  disturbance 
[7],  However,  there  is  a  problem  that  high  power 
RF  input  is  required,  because  an  efficiency  of 


optical  modulator  array  is  low.  Ji  etal.  proposed 
a  local  signal  beamformer  by  optical  signal  pro¬ 
cessing.  In  this  beamformer,  because  the  recep¬ 
tion  signal  is  processed  in  microwave  domain,  it 
is  not  influenced  disturbance  of  optical  domain 
[8].  However,  they  confirmed  the  fundamental 
principle  with  only  microwave  components. 
They  did  not  prove  this  method  using  optical  sig¬ 
nal  processor  (OSP). 

We  constructed  a  receiving  mode  of  an  array 
antenna  using  local  signal  beamformer  by  opti¬ 
cal  signal  processing,  and  demonstrated  beam¬ 
steering  of  receiving  operation  in  the  X-band. 

II.  Receiving  Operation  of  Optical 
Processing  Array  Antenna  [8] 

In  a  reception  microwave  antenna,  usually, 
LO  pumping  to  the  mixer  stage  of  all  the  receiv¬ 
ers  is  introduced  for  the  frequency  conversion, 
and  the  beam  formation  is  performed  in  the  RF 
or  IF  region.  Usually,  the  LO  signal  is  a  pure 
unmodulated  sinusoid  wave.  Here,  we  describe 
a  configuration  for  beam  reception  by  using  an 
LO  signal  generated  by  the  OSP  as  used  in  the 
transmission  mode  of  antennas  [4-6] .  Therefore, 
a  large  number  of  variable  phase  distributions 
of  LO  signals  can  be  produced  by  the  tunable 
lasers  in  the  OSP.  Such  a  large  number  of  LO 
signals  is  quite  difficult  to  generate  simulta¬ 
neously  by  using  RF  techniques. 

The  configuration  of  the  receiving  mode  of 
the  antenna  is  shown  in  Fig.  1.  As  shown  in  [4- 
6],  the  transmitted  microwave  signals  are  gen¬ 
erated  by  the  frequency-offsets  between  signal 
lasers  and  a  reference  laser.  In  the  receiving 
mode  of  the  antenna,  the  microwaves  generated 
by  lights  are  used  as  LO  signals,  and  a  mixer 
array  is  introduced  between  the  output  of  OSP 
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and  array  antenna  elements.  Their  received  RF 
signals  are  downconverted  to  IF  signals,  and  only 
the  IF  signals  whose  phase  gradient  matches  that 
of  the  LO  signals  can  be  maximally  summed  by 
the  IF  combiner  before  entering  the  receiver.  The 
basic  principle  can  be  proved  as  follows. 

The  RF  signals  received  by  an  arbitrary 
equispaced  linear  antenna  element  n  are  given 
by 

ERFn  =  Ae'j,0*Ft-Jnls  (1) 

and  the  LO  signals  generated  by  the  OSP  feed 
are  given  by 

ELOn=Be-i(0^-jna.  (2) 

Therefore,  the  IF  signals  generated  by  a  mi¬ 
crowave  mixer  can  be  written  as 

EIF  =  ABe~jia,*F~a,“>),+jn{a~li)  (3) 

where  A  and  B  are  applied  elemental  amplitude 
weights,  0)RF  and  coLO  are  the  frequencies  of  RF 
signals  received  by  the  antenna  and  LO  signals 
generated  by  the  OSP,  and  a  and  (3  are  phase- 
steps  of  RF  and  LO  signals  with  the  same  phase 
fronts,  respectively. 

Considering  only  the  first-order  difference 
frequency  output  of  mixer  and  the  case  of  con¬ 
stant  A  and  B,  the  summation  of  these  IF  signals 
in  Eq.  (3)  will  be  combined  by  an  IF  power  com¬ 
biner  as 


Eif  =  ABe-Ja,'F'^ejn{a-p) 

n 

sinW%  W 

sina/2 

where  (0IF=(0RF-0)LO  is  IF  band  frequency,  and 
CP=a-/3  is  the  phase-step  of  IF  signals. 

We  note  that  the  maximum  value  of  the 
fractional  part  in  Eq.  (4)  is  N,  when  o=l-2n, 
where  /=0, 1,2,---.  Therefore,  the  maximum 
value  of  the  IF  signal  power  sum  only  ap¬ 
pears  when  the  phases  of  the  RF  and  LO  sig¬ 
nals  are  equal.  Consequently,  the  same  fre¬ 
quency  IF  output  from  all  mixers  should  be 
in  phase  for  a  signal  received  at  the  array  an¬ 
tenna  from  a  particular  direction,  and  will 
produce  a  maximum  output  from  the  IF  com¬ 
biner  at  a  particular  RF  frequency.  Signals 
arriving  from  other  directions  have  a  variety 
of  phases  and  suffer  partial  cancellation.  The 
LO  signal  beamformer  using  OSP  functions 
as  a  matched  filter. 

When  multiple  beams  of  the  same  fre¬ 
quency  are  received  from  different  directions, 
they  can  be  discriminated  in  the  IF  frequency 
domain  by  using  different- frequency  and  dif¬ 
ferent-phase  distributions  of  LO  signals  which 
are  created  by  OSP,  and  the  beam  directions 
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Fig.  1.  Configuration  of  the  receiving  mode  of  optical  signal  processing  array  antenna. 


90 


TU3.4 


can  be  recognized  from  the  location  of  incident 
light  in  the  emitting  plane. 

III.  Experimental  System  Configura¬ 
tions  and  Results 

The  experimental  setup  of  the  receiving  mode 
of  the  optical  signal  processing  array  antenna 
system  is  shown  in  Fig.  2.  This  system  mainly 
consists  of  the  following  three  parts. 

In  the  optical  microwave  or  millimeter  wave 
source  part,  two  LD-pumped  Nd:YAG  ring  la¬ 
sers  operating  at  a  wavelength  of  1319  nm  are 
used  as  signal  and  reference  lasers.  The  fre¬ 
quency  offsets  between  them  is  phase-locked  to 
a  RF  synthesizer  by  controlling  the  temperature 
and  strain  of  the  laser  crystals. 

The  OSP  part  consists  of  the  FT  lens,  and  the 
emitting  and  sampling  waveguide  arrays.  These 
waveguide  arrays  are  located  at  the  front  and 
back  focal  plane,  respectively,  of  the  lens.  Each 
laser  is  connected  to  any  port  of  the  emitting 
optical  waveguide  array.  The  lights  from  the 
lasers  are  emitted  into  space,  then  transmitted 
through  the  lens,  and  are  incident  onto  the  sam¬ 
pling  waveguide  array.  When  these  lights  are 


transmitted  through  the  lens,  they  are  Fourier 
transformed.  The  emission  position  of  the  light, 
that  is  the  waveguide  array  port,  corresponds  to 
the  phase  distribution  of  the  interference  excita¬ 
tion  field  in  the  sampling  plane.  We  used  two 
Si02  waveguide  arrays  with  a  core  interval  of 
22  |im  as  the  emitting  waveguide  array,  and  that 
of  17  pm  as  the  sampling  waveguide  array.  Then- 
spot  size  is  8x8  pm  in  Gaussian  profile.  Here, 
we  used  a  0.25-pitch  gradient  index  (GRIN) 
micro  lens  as  the  FT  lens.  Therefore,  the  front 
and  back  focal  planes  are  located  at  each  end  of 
the  lens,  so  severe  optical  alignment  is  not  re¬ 
quired.  Its  focal  length  is  1.92  pm.  The  spot 
size  at  the  sampling  focal  plane  is  101  pm  in  a 
Gaussian  profile. 

The  O/E  converter  and  the  mixer  array  part 
are  located  near  the  array  antenna  in  an  anechoic 
chamber.  Lights  from  the  OSP  are  photoelectri- 
cally  converted  to  beat  the  LO  frequency  signal 
fL0  by  the  photodiodes,  and  the  mixer  array  is 
introduced  between  the  output  of  the  O/E  con¬ 
verter  and  the  array  antenna  elements.  The  vari¬ 
able  phase  shifters  caribrate  a  difference  of  opti¬ 
cal  fiber  length.  Received  RF  signals  are 
downconverted  to  IF  frequency  signals  fIF, 


PLL  :  Phase  Locked-Loop 
VPS  :  Variable  Phase  Shifter 
VAT :  Variable  Attenuator 


Fig.  2.  Experimental  setup  of  receiving  mode  of  optical  signal  processing  array  antenna. 
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summed  by  the  IF  combiner,  and  measured  by 
the  spectrum  analyzer. 

In  this  experiment,  the  frequencies  of  LO  and 
RF  signals  were  in  the  X-band,  and  the  IF  signal 
frequency  fIF  was  1 .0  GHz.  The  receiving  array 
antenna  was  a  0.6-wavelength-spaced  four-ele¬ 
ment  linear  array  antenna,  and  each  element  was 
a  circular  patch  antenna.  The  reference  laser  was 
connected  to  the  port  #0  of  the  emitting 
waveguide  and  the  signal  laser  to  the  ports  from 
#1  to  #5.  When  the  signal  laser  was  connected 
to  the  port  #3,  the  main  beam  was  steered  in  the 
front  direction.  We  changed  the  connection  port 
with  the  signal  lasers  using  the  optical  channel 
selector.  Fig.  3  shows  the  measured  received  IF 
power  level  of  the  optical  signal  processing  ar¬ 
ray  antenna,  that  is  the  RF  antenna  pattern.  Each 
line  represents  a  port  number  of  the  waveguide. 
Changing  the  port  transformed  the  radiation  pat¬ 
tern  of  the  optical  beam  in  the  OSP  and  tilted  the 
phase  distribution  of  the  LO  signal.  The  direc¬ 
tion  of  the  received  beam  was  steered  by  chang¬ 
ing  the  port  of  the  waveguide,  and  the  expected 
directions  were  achieved. 

IV.  Conclusions 

We  constructed  a  receiving  mode  of  an  array 
antenna  system  using  local  signal  beamformer 
by  optical  signal  processing,  and  demonstrated 
beam-steering  of  the  received  RF  signal  in  the 
X-band.  The  availability  of  the  receiving  mode 
was  confirmed.  Furthermore,  a  multibeam  re¬ 
ception  array  antenna  can  be  possible  by  using 
different  frequency  of  LO  signals  same  as  the 
multibeam  transmitting  antenna  [6],  and  by  dis¬ 
criminating  arriving  direction  in  downconverted 
IF  domain  [8]. 
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Abstract: 

This  paper  proposes  a  novel  two-element 
active  antenna  for  optical  scanning  beam  in  X- 
band.  A  MESFET  in  the  element  antenna 
works  both  as  a  negative  resistance  and  an 
optically  controllable  reactance.  Laser 
illumination  to  the  MESFET  in  one  of  the 
antenna  elements  causes  a  shift  of  its  free- 
running  frequency  and  creates  a  phase 
difference  between  the  oscillations  of  the  two 
antenna  elements,  therefore,  the  radiation  beam 
can  be  scanned.  In  experimental  results,  the 
beam  direction  has  been  scanned  by  26  degrees 
optically. 

1 .  Introduction 

Typical  studies  in  microwave  photonics 
include  basic  optical-microwave  interactions, 
photonic  devices  operating  at  microwave 
frequencies,  photonic  control  of  microwave 
devices,  high-frequency  transmission  links,  and 
the  use  of  photonics  to  implement  various 
functions  in  microwave  systems[l][2]. 

In  telecommunication  systems,  another 
recent  key  technology  is  quasi  optical  power 
combining  through  the  free  space.  Usually, 
the  beam  scanning  is  accomplished  by  giving  a 
constant  phase  progression  in  the  array 
elements,  using  as  many  phase  shifters  as  array 
elements. 

York  and  Liao  developed  loosely-coupled 
quasi-optical  oscillator  arrays  in  which  the 
constant  phase  progression  can  be  established 
by  slightly  detuning  the  peripheral  array 


elements,  while  maintaining  mutual 
synchronization^  ][4] . 

Shimasaki  and  Tsutsumi  reported  that  laser 
illumination  to  a  FET  caused  the  shift  of  36 
MHz  in  the  free  running  frequency  of  the  single 
oscillator  and  the  radiation  beam  was  scanned 
due  to  a  phase  difference  of  arrayed  circular 
patch  antennas.  As  the  result,  however,  the 
beam  direction  was  changed  by  only  3 
degrees[5]. 

The  authors  reported  that  S22-parameters  for 
a  MESFET  can  be  widely  changed  and  its  input 
reactance  looking  into  the  drain  of  the 
MESFET  is  also  remarkably  changed  by  laser 
illumination.  Therefore,  an  optically  tunable 
oscillator  can  be  constructed  using  this 
reactance  of  the  MESFET,  which  also  works  as 
a  negative  resistance[6].  In  the  case  of 
negative  resistance  circuit  included  in  a 
bandpass  filter,  an  optical  shift  of  123  MHz  in 
the  oscillation  frequency  was  observed[6]. 

In  this  paper,  as  an  application  of  the 
optically  controlled  negative  resistance  circuit 
to  active  antennas,  a  novel  two-element  active 
antenna  will  be  proposed  and  its  scanning  area 
will  be  remarkably  improved  in  comparison  to 
the  previously  reported  results[5], 

2.  Principle  and  design  method 

In  the  special  case  of  the  use  of  only  two 
element  arrays,  following  York[4],  the 

synchronized  frequency  (ft)0)  can  be  written 

as 
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coA  =  ft)0(1  +  £sin  A0)--- 

. (1) 

(°b  ~  ”  £sin  A0)--- 

. (2) 

e  =  E  /  (20) . 

. (3) 

where  co  A  and  co  B 

are  free-running 

frequencies  of  the  two  elements  A  and  B,  E  is  a 
coupling  coefficient,  Q  is  the  Q-factor  of  the 
oscillator,  and  A0  is  a  constant  phase 
progression  between  the  elements.  The 
equations  show  that  the  radiation  pattern  can  be 
scanned  by  adjusting  the  two  free-running 
frequencies. 

Using  the  above  mentioned  MESFET 
oscillator,  we  can  change  the  direction  of  the 
microwave  beam  by  varying  the  power  of  the 
optical  laser  illumination  on  one  of  the 
MESFETs  in  a  two-element  active  antenna. 

The  single-element  antenna  can  be 
composed  of  a  rectangular  patch  antenna  and 
the  MESFET  negative  resistance  circuit  used  in 
the  bandpass  filter[6]. 

3.  Experimental  setup 

The  schematic  of  a  single  active  antenna 
element  is  shown  in  Fig.  1.  The  length  and 
the  width  of  the  rectangular  patch  are  9.07  mm 
and  9.40  mm,  respectively.  The  resonance 
frequency  is  actually  10.082  GHz. 

The  circuit  is  fabricated  on  a  woven-glass- 
reinforced  Teflon  substrate  with  a  thickness  of 
0.762  mm  and  a  dielectric  constant  of  2.55. 
The  MESFET  used  was  NE72084B  (NEC  Co.) 
with  its  cover  removed.  The  gate  of  the 
MESFET  is  connected  to  the  termination  (82 
Q)  through  a  low -pass  filter  whose  cutoff 
frequency  is  8.8  GHz.  The  source  of  the 
MESFET  is  grounded  through  a  reactance. 

Figure  2  shows  the  arrangement  of  the  two- 
element  active  antenna.  The  two  elements  A 
and  B  are  arranged  symmetrically  at  a  distance 
of  d  and  coupled  to  each  other  through  the 
radiation. 

The  coupling  angle  is  adjustable  by  varying 
the  distance  (d),  therefore,  it  is  possible  to 


select  the  suitable  mode  between  an  anti-phase 
and  an  in-phasc  oscillations.  The  shortest 
distance  (d)  is  19.4  mm  for  the  in-phase  mode 
in  this  experiment,  therefore,  19.4  mm  has  been 
adopted  as  the  distance  (d)  in  this  report.  It 

corresponds  to  the  condition  that  d  =  0.6  A,0, 

where  A0  is  the  free  space  wavelength  of  the 

synchronized  frequency.  The  oscillation 
condition  of  each  element  is  different  in  spite  of 
using  the  same  type  MESFETs.  Therefore,  the 
synchronization  has  been  accomplished  by 
varying  the  DC  bias  voltage  to  set  their  intrinsic 
free-running  frequencies  close  to  each  other. 

In  the  case  for  element  B,  a  hole  of  2.3  mm 
in  diameter  is  bored  at  the  position  of  the 
MESFET  on  the  substrate  and  the  MESFET  is 
mounted  so  as  to  illuminate  the  gate  area  from 
the  back  side  through  the  hole. 

The  radiation  pattern  is  scanned  by  merely 
changing  the  free-running  frequency  of  the 
element  B  with  the  optical  illumination. 

The  light  source  is  a  semiconductor  laser 
LT015MDO  (Sharp  Co.)  whose  wave  length  is 
830  run.  Using  a  small  lens,  the  light  is 
focused  on  the  gate  area.  The  radiated 
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Fig.  2.  Arrangement  of  the  two  element  active 
antenna. 

microwave  is  detected  by  a  pyramidal  hom 
antenna  100  cm  apart  from  the  active  antenna, 
and  the  frequency  and  the  power  are  measured 
with  a  spectrum  analyzer. 

4.  Experimental  results 
4-1  Single -element  antenna 

Figure  3  shows  the  dependences  of  the 
oscillation  characteristic  of  the  single  element 
on  illuminated  optical  power.  The  MESFET 
conditions  are  following:  the  gate  voltage  is 
-1.15  V,  the  drain  voltage  is  2.44  V,  the  drain 
current  is  22.31  mA.  As  the  illumination 
power  is  increased  from  0  to  19.8  mW,  the 
oscillation  frequency,  shifts  from  9.974  to  9.953 
GHz,  and  the  relative  output  power  is  increased 
from  -21.4  to  -18.8dB. 

Figure  4  shows  the  measured  radiation 
pattern  in  H-plane  for  the  single  element 
antenna.  The  solid  line  and  the  dashed  line 
represent  the  co-polarization  and  the  cross¬ 
polarization  characteristics,  respectively.  The 
cross-polarization  level  is  more  than  10  dB 
smaller  than  the  co-polarization  level  within 
±35  degrees  from  the  center  direction.  The 
pattern  is  not  symmetrical,  and  the  reason  for 
this  is  possibly  due  to  the  fact  that  the 
fabricated  element  antenna  has  an  asymmetric 


Fig.  3.  Frequency  shift,  relative  output  power 
and  drain  current  as  a  function  of  the 
illuminating  optical  power. 


Angle  (deg) 


Fig.  4.  H-plane  pattern  of  a  single  active 
antenna  element 


Fig.  5.  Oscillation  spectrums  of  a  single  active 
antenna  element  when  the  illuminating  laser 
powers  are  0  and  19.8  mW. 
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pattern. 

Figure  5  shows  an  example  of  the  oscillation 
spectrum  and  its  shift  due  to  laser  illumination. 
The  drain  and  gate  voltages  are  2.47  V  and 
-1.15  V,  respectively. 

The  observed  frequency  shift  is  22.1  MHz 
from  9.9758  GHz  to  9.9537  GHz,  when  the 
illuminating  laser  power  is  increased  from  0  to 
19.8  mW. 

4-2  Two-element  antenna 

Figure  6  shows  the  radiation  patterns  in  H- 
plane  for  a  two-element  antenna  when  the 
element  B  is  illuminated  with  the  laser  power  0, 

20.5  H  W  and  3.06  mW.  The  drain  and  the 

gate  voltages  for  the  element  A  are  1 .90  V  and 
-0.57  V,  respectively.  For  the  element  B,  the 
gate  voltage  is  kept  at  -1.15  V,  however,  laser 


Fig.  6.  Radiation  pattern  shift  for 
illuminating  optical  power. 

illumination  causes  the  increase  in  the  drain 
current  from  22.2  mA  to  34.8  mA  when  the 
laser  power  increases  from  0  to  3.06  mW. 
Concurrently,  the  free-running  frequency  of  the 
element  B  is  shifted  by  17.9  MHz  from  9.9733 
to  9.9554  GHz.  As  the  result,  the  beam 
direction  is  scanned  by  26  degrees  from  1 3  to 
-13  degrees  due  to  the  laser  power  increasing 
from  0  to  3.06  mW. 

5.  Conclusions 


The  experimental  considerations  on  the  two- 
element  active  antenna  for  optical  scanning 
beam  in  X-band  have  been  presented.  A 
MESFET  in  the  element  antenna  works  both  as 
a  negative  resistance  and  an  optically 
controllable  reactance.  First,  it  was  confirmed 
that  laser  illumination  to  the  MESFET  in  one  of 
the  element  antenna  causes  a  shift  of  its  free- 
running  frequency.  Second,  creation  of  a 
phase  difference  between  their  oscillations  was 
also  confirmed,  because  the  radiation  beam  was 
scanned. 

Third,  the  beam  direction  has  been  scanned 
by  26  degrees  optically.  This  scanning  angle 
is  remarkably  large. 
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Abstract  -  We  describe  a  new  optically-controlled, 
narrow  beam  antenna  for  point  to  point 
communications.  A  computer  controlled  light  source 
photo-injects  a  spatially  varying  plasma  into  a  photo¬ 
conducting  wafer  for  MMW  beam  control.  Antennas 
based  on  this  approach  will  be  inexpensive  and  offer 
many  advantages. 

Introduction 

Scanning  antennas  with  narrow  beams  are 
required  for  many  point  to  point  communications 
applications.  Mechanically  scanned  antennas  are  often 
slower  than  desired  while  electronically  scanned 
antennas,  which  employ  thousands  of  phase  shifters,  are 
too  expensive.  For  these  reasons,  alternative  scanning 
methods  have  been  of  recent  interest  [1-9,  also  see 
10,11], 

We  have  developed  a  non-mechanical  MMW 
scanning  technique  which  employs  a  light-modulated 
photoconducting  antenna  [3-4,  7,  8],  The  technique  has 
been  demonstrated  at  35  GHz  [7]  and  94  GHz  [7,8]. 
Here  we  describe  its  application  to  a  compact 
communications  antenna  at  20  GHz.  Communications 
antennas  based  on  this  approach  promise  to  be  fast, 
inexpensive,  and  easily  controlled. 

Transient  Plasma-Based  Fresnel  Zone  Plates 

It  is  well  known  that  Fresnel  zone  plates  work 
by  blocking  out  of  phase  radiation  [12].  Our  scanning 
technique  is  based  upon  a  transient  Fresnel  zone  plate. 
In  this  approach  a  spatially  varying  density  of  charge 
carriers  is  created  by  optical  injection  of  plasma  into  a 
semiconductor  or  photoconductor  wafer  which  blocks 
MMW  radiation. 

Figure  la)  shows  the  relative  phase  of  a  ray 
emitted  from  a  source  S,  which  passes  through  an 
aperture,  and  arrives  at  a  detection  point  P.  The  phase 
of  rays  is  plotted  with  a  gray  scale  on  the  plane  of  the 
aperture  at  the  point  where  the  ray  passed  through  the 
aperture.  Here  S  and  P  have  been  chosen  to  be 
collinear  with  the  aperture.  Those  rays  with  phase 
represented  from  white  to  gray  are  taken  to  be  in-phase. 
Conversely,  those  rays  with  phase  from  gray  to  black 
are  out-of-phase.  If  the  out-of-phase  rays  are  blocked, 
then  the  only  rays  arriving  at  P  would  be  in-phase  and  a 
large  increase  in  intensity  at  P  would  result.  Our 
approach  employs  a  photo-injected  plasma  to  block  the 
out-of-phase  rays. 


PHASE  PLOTTED  ACROSS 
13.5"  DIAMETER  APERTURE 

20  GHz  Beam,  0  deg.  Off-Axis 


a 


20  GHz  Beam,  45  deg.  Off-Axis 


b 

Figure  1.  Gray  scale  plot  of  ray  phase  at  detection 
point  plotted  on  plane  of  aperture  where  ray  went 
through  aperture;  source  at  17.8  cm  from  35  cm 
diameter  aperture,  distant  detector,  20  GHz 
radiation,  a)  Detector  0°  off  axis,  b)  Detector  45°  off 
axis. 

The  relative  phase  distribution  displays  the 
relative  symmetry  of  the  source,  detection  point  and  the 
aperture.  In  particular,  the  relative  phase  depends  on  the 
angle  that  P  makes  with  the  axis  of  the  aperture.  If  the 
relative  position  of  the  detection  point  P  is  moved  off- 
axis,  then  the  distribution  of  relative  phase  at  P  is 
changed.  Figure  lb  shows  the  phase  distribution  when  P 
is  moved  to  45°  off-axis,  all  other  parameters  remaining 
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the  same.  Evidently,  to  send  a  beam  to  the  direction  45° 
off  axis  requires  that  a  different  ray  distribution  must  be 
blocked;  accordingly  it  is  necessary  to  change  the  light 
pattern  and  thus  the  spatial  distribution  of  the  plasma. 
Therefore,  we  wish  to  integrate  a  light  source  which  has 
a  high  degree  of  controllability  with  a  photoconducting 
material  in  which  a  plasma  can  be  photo-injected. 
Composite  Wafer 

We  have  investigated  a  variety  of  materials  for 
the  photoconductor.  Experimental  results  are  given  for 
Si  wafers  with  dark  resistivity  in  the  range  1000  £2-cm, 
diameter  of  150  mm,  and  thickness  of  1.1  mm.  An 
approximate  antenna  diameter  of  35  cm  was  chosen  for 
the  frequency  and  beam  diameter  desired.  Since  the 
largest  wafer  available  with  the  necessary  properties  is 
15  cm,  a  composite  wafer  was  fabricated,  as  shown  in 
Figure  2. 


Figure  2.  Composite  wafer  assembled  from  seven  Si 
hexagons  cut  from  15  cm  circular  wafers. 

Light  source 

For  photo-injection,  light  of  wavelength  below 
the  band  gap  is  used.  As  described  earlier  [7],  a 
programmable  light  array  (PLA)  projects  a  light  pattern 
onto  the  back  of  the  wafer.  A  front  feed  transmits 
MMW  through  the  wafer  which  are  reflected  at  the  back 
of  the  wafer  by  a  MMW  reflector  that  is  transparent  to 
the  light  array  [7],  In  this  way  the  MMW  make  a  double 
pass  through  the  wafer. 

Figure  3  displays  a  PLA  consisting  of  3046 
LEDs  having  a  peak  LED  output  at  0.88  p.  The  light 
array  electronics  is  controlled  by  a  PC  through  a  fiber 
optic  interface  which  can  switch  the  lights  on/off  at  the 
maximum  rate  of  240  MHz  (240M  lights/sec.)  The 
maximum  rate  is  thus  80K  frames  per  second;  however 
the  overall  scan  rate  is  limited  by  the  properties  of  the 
photoconducting  material  to  a  few  kHz.  An  advantage 
of  the  fiber  optic  interface  is  that  it  allows  the  LED 
electronics  package  to  be  made  more  compact.  The 
overall  thickness  of  the  LED  array  and  electronics, 
neglecting  ancillary  components,  is  6  cm. 


Assembled  Antenna  and  Feeds 

The  assembled  antenna  with  wafer  assembly 
and  feed  is  shown  in  Figure  4.  A  personal  computer 
(PC),  used  for  antenna  control,  is  at  the  left  of  the 
antenna.  Fiber  optic  control  lines  connect  the  antenna 
with  a  custom  fiber  optic  interface  board  in  the  PC.  A 
standard  pyramidal  feed  horn  is  positioned  in  front  of 
the  composite  wafer  and  directed  at  the  wafer.  A  20 
GHz  receiver  is  connected  to  the  feed. 


Figure  4.  Assembled  antenna  with  control  PC  and 
standard  feed  horn. 

As  configured  in  Figure  4,  the  overall 
thickness  of  the  light  array  and  feed  horn  is  28  cm.  The 
feed  horn  comprises  22  cm  of  the  overall  thickness.  For 
some  applications  it  is  desired  to  minimize  overall 
thickness.  Accordingly,  a  Cassegrain  feed  assembly 
was  fabricated  in  place  of  the  standard  feed.  A  side 
view  of  the  antenna  with  the  Cassegrain  feed  and  sub¬ 
reflector  is  shown  in  Figure  5.  With  the  Cassegrain 
feed,  overall  antenna  thickness  is  reduced  to  20  cm. 
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Figure  5.  Side  view  of  antenna  with  Cassegrain  feed 
assembly.  A  7.6  cm  diameter  planar  sub-reflector  and 
its  feed  horn  can  be  seen. 

Results 

A  series  of  measurements  were  made  with  the 
antenna  configured  as  a  receiver.  It  is  known  [7,  8]  that 
the  technique  obeys  reciprocity,  functioning  equally 
well  as  a  transmitter.  Both  the  Cassegrain  feed  and 
standard  feed  were  used.  The  two  feeds  behaved 
similarly,  with  the  Cassegrain  having  an  approximate  2 
dB  penalty  in  power.  Figure  6  shows  a  typical  two- 
dimensional  scan,  in  this  case  with  the  Cassegrain  feed. 

2D  Scan,  1  deg  grid,  Cassegrain  Feed,  19.33  GHz 


Figure  6.  19.33  GHz  receive  beam  scanned  on  30°  x 
30°  square  grid  with  1°  grid  spacing  at  1000  Hz. 
Transmitter  20  m  at  (0°,0°). 


when  the  receive  beam  is  directed  at  the  transmitter,  as 
are  the  side  lobes  and  nulls  when  the  light  pattern  is 
changed  to  direct  the  beam  off-axis. 

Beam  width  and  maximum  scan  angle  were 
measured.  E-plane  beam  profile  data  are  shown  in 
Figure  7.  The  beam  is  raster  scanned  by  changing  the 
light  pattern  in  software.  There  are  five  separate  beam 
scans  with  the  transmitter  moved  off-axis  to  0°,  15°, 
30°,  45°,  and  60°  and  the  beam  scanned  from  -10°  to 
+60°.  Peak  to  side  lobe  ratio  is  about  15  dB  and  beam 
width  is  as  narrow  as  3.5°.  Main  lobe  power  decreases 
by  3  dB  at  45°  and  by  5  dB  at  60°. 


Beam  Scan,  E-Plane,  19.8  GHz,  Horn  Feed 
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Figure  7.  E-plane  beam  scans  from  -10°  to  60°  with 
the  relative  angle  varied  between  antenna  and  remote 
transmitter.  A  feed  horn  is  18  cm  from  the  antenna. 
The  beam  is  scanned  at  1000  Hz  by  changing  the  light 
pattern  with  software. 


Figure  8  shows  the  received  power  when  the 
beam  is  fixed  at  five  different  angles  and  the  antenna 
rotated  (antenna  scan)  with  respect  to  the  transmitter. 
This  procedure  maps  out  the  true  sidelobe  structure  for 
a  given  fixed  beam.  Once  again  beam  width  is  about 
3.5°  with  modest  broadening  of  off  axis  beams.  In 
general,  it  is  seen  that  beam  scan  and  antenna  scan  data 
are  similar. 


In  Figure  6,  the  transmitter  is  co-linear  with  the 
antenna  axis  and  20  m  away.  The  beam  was  hopped  on 
a  30°  x  30  °  square  grid  with  a  1°  grid  spacing  at  a  rate 
of  1000  hops/second.  The  main  lobe  is  clearly  evident 


Figure  8.  E-plane  antenna  scans  from  -10°  to  60° 
with  five  different  fixed  beams.  The  relative  angle  is 
varied  between  antenna  and  transmitter.  A  feed 
horn  is  18  cm  from  the  antenna. 
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Discussion  and  Conclusions 

In  this  work,  results  were  reported  for  a  new 
antenna  for  MMW  communications  based  on  our  photo- 
injected  plasma  technique  for  beam  control.  This 
antenna  operates  at  a  lower  frequency,  is  larger  in 
diameter,  relatively  more  compact,  and  has  a  greater 
scan  angle  than  previous  antennas  built  with  this 
technique. 

The  antenna  was  operated  in  a  receiving  mode 
over  the  range  from  18.5  to  21  GHz.  This  frequency 
range  was  limited  by  the  particular  receiver  attached  to 
the  antenna.  The  receive  frequency  of  18.5  GHz  is  the 
lowest  frequency  used  with  the  technique  so  far.  In 
other  experiments  reciprocity  has  been  demonstrated  for 
the  technique  showing  that  it  works  equally  well  as 
receiver  or  transmitter  [7]. 

The  new  programmable  light  array  contains 
more  LEDs  (3000),  and  is  larger  in  diameter  (35  cm) 
than  previous  ones  we  have  built.  A  composite 
technique  for  producing  new  larger  35  cm  diameter 
wafers  was  developed.  This  larger  overall  diameter  of 
the  antenna  allowed  a  narrow  beam  width  of  3.5°  to  be 
maintained  at  the  lower  frequencies  near  20  GHz. 

Even  though  the  array  is  larger  in  diameter,  a 
new  fiber  optic  antenna-computer  interface  allowed  the 
antenna  to  be  made  more  compact  than  previously;  the 
thickness  of  the  light  array  with  drive  electronics  is  only 
6  cm.  With  a  Cassegrain  feed,  the  overall  antenna 
thickness  is  20  cm  and  28  cm  with  a  standard  horn  feed. 

One-  and  two-dimensional  scanning  data  were 
presented.  In  these  measurements  the  beam  was  hopped 
at  up  to  2000  Hz  or  hops  per  second.  It  was  found  that 
beam  scan  and  antenna  scan  patterns  were  quite 
similar.  Maximum  scan  angle  was  determined  to  be 
±45°  using  a  3dB  criterion.  However,  useful  scanning 
was  observed  out  to  ±60°. 

Approximately  50%  of  the  rays  are  blocked 
compared  to  a  full  aperture.  In  addition,  the  remaining 
in-phase  rays  have  a  distribution  of  phases  over  180° 
compared  to  a  fixed  parabolic  reflector  or  a  phased 
array  with  perfect  control  over  phase.  We  estimate  that 
the  maximum  efficiency  is  approximately  -10  dB  as 
presently  configured. 

The  antenna  uses  relatively  inexpensive 
components.  Therefore,  it  is  inferred  that  when 
antennas  are  produced  in  quantity,  they  will  be 
relatively  inexpensive.  Scanning  communication 
antennas  based  on  this  approach  promise  to  be  fast, 
inexpensive,  and  easily  controlled.  Their  advantages  are 
the  ability  to  rapidly  steer  the  beam  over  a  fixed 
reflector,  and  at  much  lower  cost  than  a  phased  array. 

1  Now  at  Sony  Corp 

2  Now  at  Stanford  University 
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Abstract:  This  paper  reviews  the  current  state  of 
the  art  of  uncooled,  high  bandwidth  lasers.  It 
explains  why  high  bandwidth  is  difficult  at  high 
temperatures  and  presents  some  possible  routes  to 
improve  on  current  technology. 

Introduction 

The  explosion  in  the  internet  has  placed  great 
demands  on  the  physical  infrastructure  tasked  with 
transporting  the  data  from  router  to  router  and  from 
router  to  user.  Whilst  router  to  router  traffic  in 
generally  handled  by  the  upper  layers  of  the 
telecommunications  network,  usually  over  WDM 
with  well-understood  technology,  the  ever- 
increasing  demand  for  bandwidth  by  the  user  has 
meant  that  optical  communications  is  penetrating 
ever  closer  to  the  desktop  and  the  home,  such 
access  technology  traditionally  being  over  copper 
based  links. 

This  has  led  to  datacommunications  standards,  such 
as  Gigabit  Ethernet  [1],  being  set  where  the 
predominant  physical  layer  transport  is  over  fibre 
for  the  first  time.  Indeed  it  is  expected  that  10 
Gigabit  Ethernet  will  be  standardised  in  2001  to 
meet  the  growing  network  demand. 

The  requirements  placed  on  optical  sources  in 
datacommunications  networks  are  very  different 
from  those  in  telecommunications  systems.  The 
fact  that  the  cost  of  an  optical  source  will  be  met  by 
a  single  user  in  a  datacommunications  network, 
rather  than  shared  between  many  as  in  a 
telecommunications  scenario,  results  in  severe 
pressure  to  drive  down  the  cost.  This  results  in 
much  activity  in  low  cost  packaging,  such  as 
designing  a  laser  for  high  efficiency  and  tolerance 
for  coupling  to  optical  fibre  to  allow  pick  and  place 
positioning  rather  than  the  more  expensive  active 
alignment  techniques  employed  for  telecoms  lasers. 
However,  probably  the  requirement  with  most 
bearing  on  the  high  bandwidth  operation  of  lasers 
for  e.g.  10  Gigabit  Ethernet  is  the  need  for 
uncooled  operation  to  enable  the  removal  of  the 
thermo-electric  cooler  employed  in  telecoms  laser 
packages.  The  standards  require  either  0-70  °C  or 
-40-85  °C  operation  and  this  may  have  severe 
consequences  for  datacommunications  lasers  unless 
careful  design  is  employed. 


Datacommunications  standards  specify  two 
wavelength  regimes  for  operation.  The  short 
wavelength  regime  employs  lasers  operating  around 
850nm  over  multimode  fibre  and  here  VCSELs  are 
generally  employed.  For  improved  transmission 
distance  over  multimode  fibre  and  for  extended 
reach  over  single  mode  fibre,  lasers  operating 
around  1300nm  are  used.  Currently  edge  emitting 
lasers  are  employed  but  there  is  a  great  deal  of 
activity  towards  the  commercialisation  of  1300nm 
VCSELs. 

1300nm  Uncooled  Lasers 
Ideally  lasers  would  not  have  any  temperature 
dependent  characteristics.  However,  lasers  exhibit 
both  temperature  dependent  threshold  currents  and 
bandwidths.  The  severity  of  these  effects  depends 
on  the  material  systems  employed  in  the  laser. 
Current  1300nm  lasers  employ  the  InGaAsP 
materials  system. 


Figure  1 :  Dependence  of  threshold  current  density 
on  temperature  (points  -  experimental,  line  -  first 
principles  theoretical) 


Figure  1  shows  the  temperature  dependence  of  the 
threshold  current  density  of  a  typical  1300nm 
InGaAsP  laser.  As  can  be  seen  the  threshold  rises 
by  nearly  a  factor  of  three  over  a  20-85°C 
temperature  range.  The  solid  line  shows  the  results 
of  drift  diffusion  modelling  of  the  laser.  The 
simulations  show  a  significant  (up  to  80-90  %) 
Auger  component  of  the  threshold  current.  Such  a 
high  proportion  of  the  Auger  recombination  is 
partly  due  to  the  charge  neutrality  violation  found 
in  the  quantum  wells.  The  effect  on  the  bandwidth 
is  shown  in  figure  2  over  a  similar  temperature 
range.  A  small  signal  3dB  bandwidth  of  5.5GHz  is 
measured  at  room  temperature  dropping  to  3.6GHz 
at  85°C. 


0-7803-6455-4/00/$1 0.00  ©  2000  IEEE 
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Modulation  Frequency  /GHz 

Figure  2:  Small  signal  response  as  a  function  of 
temperature  with  laser  bias  1 5mA  above  threshold 

Limitations  of  InGaAsP  Based  Lasers 
1300nm  InGaAsP  lasers  exhibit  quite  severe 
temperature  effects.  The  quantum  wells  employed 
in  these  lasers  have  to  have  relatively  low  barrier 
heights  to  achieve  emission  at  1300nm.  As  the 
temperature  rises,  this  results  in  a  reduction  in  the 
material  gain.  The  consequence  of  this  and  other 
temperature  dependent  effects  (such  as  Auger)  is  an 
increase  in  threshold  current  and  (because  of 
reduced  differential  gain)  a  reduction  in  bandwidth 
[2] 

Uncooled  Operation  of  InGaAsP  Device 
Bandwidth 

Having  understood  the  bandwidth  limitation 
mechanisms,  it  is  clear  that  one  route  to  maximising 
the  bandwidth  is  to  minimise  the  threshold  carrier 
density  in  the  quantum  well.  This  will  have  the 
threefold  effect  of  reducing  the  Auger 
recombination  rate,  the  thermionic  emission 
leakage  rate  and  of  obtaining  a  relatively  high  value 
of  differential  gain.  In  InGaAsP  devices,  the 
obvious  route  to  achieving  this  is  to  increase  the 
number  of  quantum  wells. 

An  InGaAsP-InP  ridge-waveguide  laser  was 
supplied  from  Agilent  Technologies.  Its  active 
region  contained  seven  0.8%  compressively 
strained  quantum  wells  -  a  greater  number  was  not 
possible  at  the  time  because  of  morphology 
problems  associated  with  accumulated  strain  in  the 
growth  process.  The  280pm  long  Fabry-Perot  laser 
had  one  facet  HR  coated  to  88%  (to  fiirther  reduce 
the  operating  carrier  density)  and  the  output  facet 
was  cleaved.  The  laser  emitted  with  a  centre 
wavelength  of  1.3pm.  Its  threshold  current  was 
18mA  at  a  temperature  of  25°C,  increasing  to 
36mA  at  70°C,  resulting  in  a  characteristic 
temperature  of  74K.  The  device  is  bonded  junction 
side  up  on  a  temperature-controlled  submount,  with 
wideband  50Q  matched  electrical  connection. 


The  small  signal  frequency  bandwidths  of  the  laser 
are  shown  in  Figure  3.  At  room  temperature,  the 
laser  achieves  a  small  signal  bandwidth  in  excess  of 
10GHz  though  this  degrades  to  about  6GHz  at  a 
temperature  of  85°C.  This  performance  is 
nevertheless  sufficient  to  allow  NRZ  modulation  of 
the  laser  at  a  data  rate  of  lOGb/s  for  temperatures 
up  to  70°C  [3], 


V(I-Ith)  A/mA 

Figure  3:  Small  signal  bandwidth  of  InGaAsP  laser 
as  a  function  of  temperature 

Bandwidth  Extension  via  Multicontact  Lasers 

An  attractive  way  of  increasing  the  banwidth  of  a 
given  laser  diode  is  to  use  the  “gain  lever”  effect. 
Here  a  laser  cavity  has  its  contacts  segmented  so 
that  there  is  typically  a  long  contact  and  a  short 
contact.  The  long  contact  may  be  driven  at  a  high 
bias  current  and  the  short  section  driven  with  a  low 
current  and  the  RF  signal.  The  low  bias  to  the  short 
section  results  in  a  high  value  of  differential  gain, 
and  therefore  high  speed,  though  in  a  low  value  of 
absolute  gain.  The  long  section  allows  a  high  value 
of  gain  to  overcome  the  low  gain  of  the  short 
section. 


0  2  4  6  a  10 


Figure  4:  Comparison  of  single  contact  and  gain 
lever  device  small  signal  bandwidths 

A  similar  laser  to  that  in  the  previous  section  had  a 
7:1  length  ratio  contact  split  introduced  by  focussed 
ion  beam  etching.  Small  signal  bandwidth 
measurements  carried  out  with  the  RF  drive  to  the 
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short  section  yielded  the  results  shown  in  figure  4. 
As  can  be  seen,  the  twin  contact  device  exhibits  a 
room  temperature  bandwidth  in  excess  of  15  GHz  in 
comparison  to  the  10GHz  bandwidth  of  the  single 
contact  device.  The  modulation  efficiency 
increases  from  1.37  to  1.64GHz/VmA.  A 
bandwidth  in  excess  of  8.6GHz  is  measured  at  a 
temperature  of  70°C. 

Impact  of  Material  on  Bandwidth 

As  was  shown  earlier,  the  low  barrier  height  for 
InGaAsP  based  QW  lasers  operating  at  1300nm 
leads  inevitably  to  poor  temperature  performance. 
In  order  to  improve  upon  this,  different  material 
systems  are  necessary  which  offer  the  ability  to 
achieve  higher  barrier  heights.  InGaAsN  [4]  and 
quantum  dot  lasers  [5]  have  been  extensively 
researched  over  the  last  few  years  with  this  goal  in 
mind.  Both  materials  may  be  grown  on  GaAs 
substrates  and  thus  allow  very  high  barriers.  Initial 
temperature  performance  results  have  been 
encouraging  with  room  temperature  T0  in  excess  of 
100K  being  achieved.  However,  currently  in  both 
cases  values  of  T0  drop  with  increasing 
temperature.  In  addition,  no  high  speed  modulation 
results  have  to  date  been  demonstrated. 

Of  more  immediate  commercial  interest  is  the  use 
of  AlInGaAs  [6],  The  inclusion  of  A1  in  place  of  P 
allows  the  use  of  higher  barriers  in  a  material 
system  that  is  well  developed.  Figure  5  shows  the 
result  of  simulations  of  the  small  signal  bandwidth 
of  a  laser  based  on  this  material  system  at  a 
temperature  of  85°C.  The  device  clearly  shows  a 
bandwidth  in  excess  of  10GHz  under  these 
conditions,  indicating  the  potential  of  this  material 
system. 


Figure  5:  Simulated  small  signal  frequency 
response  of  AlInGaAs  Laser 


Uncooled  850nm  VCSELs 

The  other  main  laser  type  which  is  being  considered 
for  uncooled  operation  within  datacommunications 
networks  is  the  VCSEL.  Intense  research  over  the 
last  few  years  has  led  to  the  development  of 
GaAs/AlGaAs  VCSELs  which  are  extensively  used 


in  short  haul  (up  to  ~500m)  multimode  fibre  links 
such  as  within  the  Gigabit  Ethernet  standard.  The 
inherent  low  cost  of  these  device,  along  with  the 
ease  of  fibre  coupling  associated  with  their  circular 
mode  profile,  make  them  extremely  attractive  for 
this  application. 

The  GaAs/AlGaAs  material  system  has  high  QW 
barriers  as  well  as  a  low  Auger  coefficient  when 
compared  with  InGaAsP  and  so  temperature 
dependent  material  gain  is  not  a  significant  problem 
for  uncooled  applications.  However,  VCSELs 
suffer  from  other  thermally  associated  problems. 
The  Bragg  stack  cavity  wavelength  and  the  gain 
peak  tune  at  different  rates  with  temperature  and  it 
is  important  to  take  this  into  account  during  the 
design.  In  addition,  the  current  injection  is  through 
the  Bragg  stacks  which  have  high  impedances  (of 
the  order  of  tens  of  ohms)  which  can  lead  to  the 
active  region  temperature  being  higher  than  the 
module  temperature.  In  addition  the  large  area  of 
VCSELs  can  result  in  high  capacitance,  limiting  the 
bandwidth  of  the  devices.  However,  the 
development  of  the  oxide  confined  VCSEL 
structure  has  largely  solved  this  problem. 


Current  /  m  A 


Figure  6:  Light  current  characteristics  of  oxide 
confined  VCSEL  as  a  function  of  temperature 

Figure  6  shows  the  light  current  characteristic  of  a 
7pm  diameter  oxide  confined  GaAs/AlGaAs 
VCSEL.  As  can  be  seen,  the  device  operates  with 
little  change  in  threshold  current  over  the 
temperature  range  25-85°C.  The  gain-cavity 
detuning  effect  has  been  designed  out  by  detuning 
the  cavity  at  room  temperature.  The  effect  of  this 
can  be  seen  by  observing  that  the  threshold  current 
first  falls  and  then  rises  with  temperature.  Figure  7 
shows  the  small  signal  bandwidth  performance  of 
the  VCSEL  as  a  function  of  drive  current.  The 
laser  has  a  small  signal  bandwidth  in  excess  of 
8GHz  at  a  current  of  8mA,  indicating  its  suitability 
for  lOGb/s  operation  [7]. 
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AM  modulation  at  25*C 


Figure  7:  Small  signal  frequency  response  of  oxide 
confine  GaAs/AlGaAs  VCSEL 


System  Performance  Over  Multimode  Fibre 
The  forward  impedance  of  the  laser  was  measured 
to  be  ~45fi  and  so  the  laser  was  bonded  onto  a  high 
speed  submount  (bandwidth  >15GHz)  without  any 
matching  circuitry.  The  device  was  driven  with  a 
dc  bias  and  lOGb/s  pattern  (using  a  IV  swing  from 
a  pattern  generator)  via  a  bias  T.  Figure  8  show  the 
lOGb/s  eye  diagrams  at  both  25  and  85°C.  As  can 
be  seen  the  eyes  are  clearly  open  at  both 
temperatures  though  there  is  evidence  of  additional 
patterning,  notably  an  increased  overshoot,  at  85°C. 


Figure  8:  Transmission  performance  of  lOGb/s 
VCSEL  signal  over  MMF  as  a  function  of 
temperature 


The  signals  were  then  transmitted  over  100m  of 
standard  50pm  core  multimode  fibre.  After 
transmission,  the  eyes  are  open  at  both  temperatures 
though  there  is  significant  eye  closure.  This  is  a 
result  of  the  low  bandwidth  of  the  fibre  which  is 
rated  at  a  bandwidth. length  product  of  400MHz.km 
at  this  wavelength.  New  multimode  fibres  are 
however  under  development  with  much  lower 
differential  mode  dispersion  which  should  allow 
transmission  over  at  least  300m  at  an  operating 
wavelength  of  850nm. 

Conclusions 

This  paper  has  described  some  of  the  problems 
associated  in  obtaining  high  bandwidth  for  1300nm 
datacommunications  lasers  at  high  operating 
temperature.  Routes  to  improving  upon  the 
temperature  performance,  via  device  design  and  the 


use  of  new  materials,  were  discussed.  It  was  shown 
it  was  possible  to  obtain  ~10GHz  operation  at 
temperatures  up  70°C  though  alternative  material 
systems  such  as  AlInGaAs  show  enhanced 
bandwidth  at  higher  temperatures.  AlGaAs  VCSEL 
structures,  another  important  datacommunications 
laser  class,  achieve  ~10GHz  operation  even  at 
85°C. 
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Abstract  —  Enhanced  modulation  efficiency  of  a 
directly  modulated,  high  speed  DBR  laser  of  up  to 
400%  has  been  demonstrated  using  FM  to  IM 
conversion  in  optical  fiber.  Link  noise  figure  is 
improved  by  8dB  and  dynamic  range  by  3dB  at 
10GHz. 

I.  Introduction 

The  use  of  optical  links  to  transmit  electrical 
signals  by  small  signal  modulation  relies  on  the 
conversion  of  electrons  to  photons  at  the  transmitter 
and  photons  to  electrons  at  the  receiver.  For  single 
element  semiconductor  lasers,  the  efficiency  of  this 
process  is  fundamentally  limited  to  100%,  whereby 
each  injected  modulation  electron  is  converted  into  a 
photon,  which  is  converted  to  a  received  electron. 
This  limit  can  be  overcome  by  recognizing  that:  1) 
For  lasers  where  the  index  of  refraction  is  coupled  to 
the  material  gain,  each  injected  modulation  electron 
also  serves  to  change  the  optical  frequency  of  the 
background  photons.  2)  A  dispersive  element  can  be 
used  to  convert  the  optical  frequency  modulation  into 
an  intensity  modulation. 

FM  to  IM  conversion  occurs  when,  for  the  case 
of  anomalous  group  velocity  dispersion,  lower  optical 
frequency  photons  travel  faster  than  higher  optical 
frequency  photons  and  a  frequency  modulation  is 
converted  into  an  intensity  modulation  when  faster 
photons  meet  slower  photons.  Because  each  injected 
modulation  electron  changes  the  optical  frequency  of 
a  large  number  of  background  photons,  the  resulting 
intensity  modulation,  after  dispersive  conversion, 
corresponds  to  a  single  modulation  electron 
producing  a  multitude  of  received  electrons.  Thus, 
the  received  electrical  signal  can  be  stronger  than  the 
transmitted  electrical  signal  with  no  FM  to  IM 
conversion. 

Recently,  researchers  have  gone  to  great  lengths 
to  enhance  the  modulation  efficiency  of  optical  links 
to  improve  link  gain  by  series  coupling  active  regions 
or  by  using  external  modulation. 


Series  coupling  active  regions  improves  direct 
modulation  efficiency  by  causing  each  injected 
electron  to  emit  more  than  one  photon.  Ideally,  each 
electron  emits  the  same  number  of  photons  as  series 
coupled  active  regions.  The  series  coupling  has  been 
accomplished  using  a  number  of  methods.  One 
method  is  series  coupling  through  external  circuitry 
in  which  189%[1]  and  117%[2]  modulation 
efficiency  was  achieved.  However,  the  bandwidth  is 
limited  by  high  parasitics  and  is  complicated  to 
implement  as  it  requires  combining  the  power  of 
multiple  lasers  into  a  single  fiber.  Another  method  is 
epitaxial  coupling  through  tunnel  junctions  in  which 
99%[3]  modulation  efficiency  was  achieved.  This 
eliminates  the  problems  with  parasitics  but  suffers 
from  increased  device  heating  since  the  DC  voltage  is 
increased  by  the  number  of  junctions  and  power 
dissipation  is  increased . 

Very  high  modulation  efficiency  and  positive 
link  gain  can  be  achieved  with  external  modulation 
by  using  very  high  DC  laser  power  and  low  V-7t 
modulators.  Using  resonant  impedance  matching  to 
the  photodetector  and  modulator,  +31dB  of  link  gain 
at  150MHz  was  achieved  using  225mW  of  optical 
power  through  a  Mach-Zender  external  modulator[4]. 
The  operating  principle  is  similar  to  FM  to  IM 
conversion  in  that  the  electrons  that  operate  the 
external  modulator  are  able  to  modulate  a  multitude 
of  photons  passing  through  the  modulator  if  the  DC 
laser  power  is  high  enough.  This  technique  suffers, 
however,  from  the  expense  of  the  external  modulator, 
and  the  need  for  large,  high  power  laser  source. 

The  primary  advantage  of  using  FM  to  IM 
conversion  over  existing  methods  is  simplicity.  The 
aforementioned  coupling  between  the  index  of 
refraction  and  gain,  which  allows  direct  modulation 
of  a  large  number  of  photons,  is  present  in  all 
semiconductor  lasers,  and  dispersion  is  present  in  all 
optical  fibers.  This  technique  requires  only  a  single 
laser  element  and  uses  direct  modulation  of  the 
semiconductor  laser.  While  the  use  of  FM  to  IM 
conversion  as  a  method  for  improving  the  direct 
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Figure  1.  Experimental  setup  for  FM-IM  conversion 
link  measurements. 

modulation  characteristics  of  semiconductor  lasers 
has  been  studied  theoretically [5],  along  with  the 
effects  of  dispersion  on  noise  and  distortion  in  optical 
links[6,7],  very  little  experimental  work  has  been 
done  in  this  area.  The  changes  in  the  system 
response  due  to  dispersive  fiber  gratings  and  various 
lengths  of  optical  fiber  were  reported  in  [8],  showing 
enhancements  up  to  7dB,  however,  distortions  and 
system  performance  were  not  investigated.  Here  we 
present  experimental  results  demonstrating  up  to 
400%  modulation  efficiency  with  improved  noise 
figure  and  dynamic  range  in  optical  links  using  FM  to 
IM  conversion  composed  of  directly  modulated  high 
speed  DBR  lasers  and  25.2km  of  single  mode  fiber. 

II.  Experiment 

FM  enhanced  modulation  efficiency  can  be 
implemented  with  a  semiconductor  laser  with  a  high 
FM  response,  a  low  loss  dispersive  element,  such  as  a 
length  of  optical  fiber  or  chirped  fiber  bragg  grating, 
and  a  detector.  In  a  semiconductor  laser,  changes  in 
the  index  of  refraction  are  coupled  to  changes  in  the 
gain  through  the  linewidth  enhancement  factor,  or 
alpha  factor[9],  which  can  be  enhanced  with 
frequency  dependent  feedback  which,  for  example, 
occurs  in  a  distributed  bragg  reflector  laser  through 
an  effect  called  detuned  loading!  10].  Key  features 
for  maximizing  the  strength  of  the  received  signal  are 
high  fiber  coupling  efficiency  and  high  photodetector 
quantum  efficiency. 

Experiments  were  carried  out,  in  the  setup  shown 
in  Fig.  1,  with  a  high  speed  DBR  laser [1 1],  fabricated 
at  the  Semiconductor  Laboratory  at  KTH  in 
Stockholm.  The  laser  is  probed  with  a  high-speed 
coplanar  probe  and  coupled  to  single  mode  fiber. 
The  optical  circulator  provides  a  stage  of  isolation 
and  25.2km  of  fiber  is  used  as  the  dispersive  element. 
S2i  measurements  are  obtained  with  a  calibrated 
vector  network  analyzer  and  distortion  and  noise 
measurements  were  performed  with  two-tone 
modulation  and  detection  with  a  spectrum  analyzer 


Figure  2.  a)  S2i  measurement  for  link  with  and 
without  optical  fiber.  Solid  line  is  with  25.2km  SMF- 
28,  dashed  line  is  back  to  back  transmission,  and  the 
dotted  line  is  the  back  to  back  case  adjusted  for  fiber 
attenuation,  b)  Extracted  modulation  efficiency  of 
the  laser.  >100%  efficiency  occurs  for  frequencies 
between  7.4  and  14GHz. 

with  a  low  noise  preamplifier  for  link  noise 
measurement.  Comparisons  between  three  link 
conditions  are  described.  Back  to  back  transmission 
without  dispersion  (dashed  lines),  the  link  with 
25.2km  of  fiber  (solid  lines),  and  the  link  with  an 
equivalent  amount  of  optical  attenuation  (dotted 
lines)  obtained  by  misaligning  a  connector  that 
occurs  after  the  optical  isolation  provided  by  the 
circulator. 

.  Fig.  2a)  shows  measured  S2]  for  a  high  speed 
DBR  laser  for  the  three  cases  described  above.  Even 
after  25.2km  of  fiber,  FM  to  IM  conversion  results  in 
a  signal  that  is  approximately  6dB  higher  than  with 
no  fiber,  indicating  that  a  16dB  signal  enhancement  is 
achieved  to  compensate  the  ~10dB  loss  due  to  fiber 
attenuation,  which  is  shown  in  the  low  frequency 
portion  of  the  trace  where  dispersion  does  not  effect 
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the  signal  much.  Because  the  modulation  response  at 
frequencies  well  below  the  relaxation  oscillation 
Fundamental 
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Figure  3.  Fundamental,  3rd  order  intermodulation 
distortion,  and  noise  spectral  density  for  link  with 
25.2km  SMF-28  (solid),  back  to  back  (dashed)  and  back 
to  back  with  optical  attenuation  equivalent  to  the  fiber 
(dotted). 


frequency  corresponds  to  the  DC  slope  efficiency,  the 
contribution  to  the  link  gain  by  the  laser  modulation 
efficiency  can  be  extracted.  The  measured  -34.4dB 
link  gain  in  the  back  to  back  case  was  combined  with 
the  measured  0.24  W/A  slope  efficiency  to  calculate 
a  -22dB  contribution  from  the  coupling  and  link 
losses,  impedance  mismatches,  and  detector 
responsivity.  This  was  in  agreement  with 
independently  measured  parameters.  This  external 
contribution  was  removed  to  extract  the  effective 
laser  modulation  efficiency  which  is  shown  in  Fig. 
2b),  where  the  frequency  range  between  5GHz  and 
17GHz  shows  improvement  over  the  back  to  back 
case  and  the  frequency  range  between  7.4GHz  and 
14GHz  show  greater  than  100%  modulation 
efficiency  with  a  peak  of  400%  at  10GHz. 

While  the  link  gain  is  improved  by  using  FM  to 
IM  conversion,  because  frequency  modulation  is 
inherently  non-linear,  the  intermodulation  distortions 
are  increased  and  the  overall  noise  is  higher  due  to 
conversion  of  phase  noise  into  intensity  noise.  The 
degree  that  these  impairments  limit  system 
performance  is  dictated  by  the  noise  and  nonlinear 
distortion  of  the  receiver.  For  our  measurement 
setup,  the  noise  is  primarily  limited  by  the  receiver 
(spectrum  analyzer  with  preamplifier)  noise  floor  and 
distortion  is  dominated  by  the  laser.  This  is  evident 


in  Fig.  3  where  the  fundamental,  intermodulation 
distortion  and  noise  are  shown.  The  noise  floor  for 
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Figure  4.  Noise  figure  for  link  with  25.2km  SMF-28 
(solid),  back  to  back  (dashed)  and  back  to  back  with 
optical  attenuation  equivalent  to  the  fiber  (dotted). 


Frequency  (GHz) 


Figure  5.  Third  order  spur  free  dynamic  range  for  link 
with  25.2km  SMF-28  (solid),  back  to  back  (dashed)  and 
back  to  back  with  optical  attenuation  equivalent  to  the 
fiber  (dotted). 

the  optically  attenuated  case  essentially  follows  the 
noise  floor  of  the  spectrum  analyzer.  Fig.  3  also 
clearly  shows  the  increase  in  intermodulation 
distortion  from  FM  to  IM  conversion  which  is  as 
much  as  28dB  higher  (at  12GHz)  than  the  back  to 
back  case. 

The  measurements  in  Fig.  3  can  be  combined 
into  link  performance  measures  such  as  noise  figure 
and  third  order  free  dynamic  range  shown  in  Figs.  4 
and  5.  The  noise  figure  for  the  FM-IM  link  is 
improved  by  as  much  as  4.5dB  at  14GHz  and  overall 
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improvement  with  respect  to  the  back  to  back  case 
occurs  for  frequencies  above  10GHz  indicating  the 
signal  gain  increases  more  than  the  noise.  With 
respect  to  the  optically  attenuated  case,  for 
frequencies  above  6GHz  the  noise  figure  is  improved 
by  as  much  as  lOdB  because  the  noise  is  receiver 
limited  and  the  signal  is  reduced  more  than  the  noise. 
The  improvement  in  noise  figure  comes  with  the 
penalty  of  reduced  dynamic  range  with  respect  to  the 
back  to  back  case  by  approximately  1.5dB  at  10GHz 
and  8dB  at  13GHz,  which  is  due  to  increased 
intermodulation  distortion.  With  respect  to  the 
optically  attenuated  case,  however,  the  dynamic 
range  is  improved  for  frequencies  between  6GHz  and 
12GHz  by  approximately  3.5dB,  indicating  that  for 
lossless  dispersive  elements,  overall  link  performance 
can  be  improved  since  the  rise  in  3rd  order  distortion 
is  less  than  three  times  the  signal  enhancement. 

III.  Conclusions 

In  summary,  when  adjusted  for  fiber  attenuation, 
FM-IM  conversion  can  yield  up  to  16dB 
enhancement  in  link  gain,  corresponding  to  an 
effective  modulation  efficiency  of  400%,  or  four 
photons  per  modulating  electron.  This  essentially 
compensates  for  the  gain  reduction  and  increased 
noise  figure  due  to  fiber  attenuation.  While  FM 
modulation  is  inherently  nonlinear,  the  increase  in 
distortion  is  less  than  three  times  the  increase  in 
signal,  meaning  link  performance  will  be  improved 
over  a  link  that  uses  a  preamplifier  to  boost  the 
modulation  current  to  compensate  for  fiber 
attenuation.  This  effect  has  been  employed  to 
enhance  the  noise  figure  and  spur  free  dynamic 
range. 
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Abstract:  An  integrated  tandem  traveling-wave 
electroabsorption  modulators  is  demonstrated  as  an 
optical  short  pulse  generator  and  demultiplexer  for 
>100  Gbit/s  optical  time-division-multiplexed 
systems.  Optical  pulses  of  4.2  ps  width  at  30  GHz 
with  an  extinction  ratio  in  excess  of  30  dB  are 
achieved. 

Introduction: 

Optical  fiber  transmission  based  on  single  channel 
optical  time  division  multiplexing  (OTDM)  has 
recently  surpassed  100  Gbit/s  [1-3].  These 
experiments  make  it  likely  that  future  TDM  systems 
will  employ  optical  means  of  increasing  the 
transmission  capacity  of  a  single  channel. 
Sinusoidally  driven  electroabsorption  (EA) 
modulators  have  become  key  devices  as  optical 
short  pulse  generators  and  optical  demultiplexers  for 
high-speed  OTDM  experiments.  An  80  Gbit/s 
OTDM  data  stream  was  realized  by  short  pulses 
generated  from  EA  modulators  without  using  any 
non-linear  pulse  compression,  which  is  the  highest 
aggregate  data  rate  achieved  using  this  technique  to 
date  [4],  On  the  other  hand,  a  160  Gbit/s  optically 
multiplexed  data  stream  was  demultiplexed  down  to 
10  Gbit/s  using  only  EA  modulators  [1].  Due  to  the 
advances  in  high-speed  electrical  TDM,  it  is 
inevitable  that  the  next  generation  of  OTDM 
systems  will  operate  at  a  base  rate  of  40  Gbit/s  with 
optical  multiplexing  to  160  Gbit/s  or  more  [5]. 
High-speed  OTDM  systems,  unlike  electrical  TDM 
systems,  require  very  high  extinction  ratios  and 
short  pulsewidths  for  both  the  optical  transmitter 
and  the  demultiplexer  [2],  Single  EA  modulators 
are  usually  limited  to  -20  dB  dynamic  extinction 
ratio,  which  is  sufficient  for  demultiplexing 
purposes,  but  can  lead  to  incoherent  interference 
between  multiplexed  adjacent  pulses  at  the 
transmitter.  Therefore,  a  fiber-coupled  pair  of 
separate  modulators  was  used  for  pulse  generation 
in  [4]  and  for  demultiplexing  in  [1].  The  use  of 
tandem  EA  modulators  has  its  advantage  of  not  only 
increasing  the  dynamic  extinction  ratio,  but  also  in 
reducing  the  switching  window.  However,  it  is 


desirable  to  integrate  these  modulators  on  a  single 
chip  to  eliminate  the  optical  amplifier,  which 
compensates  for  coupling  losses  between  the 
modulators  [6-7],  This  will  not  only  result  in  a 
compact  and  cost-effective  transmitter  (or  receiver), 
but  also  the  configuration  will  be  more  robust  to 
environmentally  induced  timing  asynchronization. 

In  this  paper,  we  investigate  the  optical  short  pulse 
generation  and  optical  demultiplexing  capability  of 
an  integrated  tandem  traveling- wave  EA  modulators 
at  repetition  frequencies  of  30  and  40  GHz  for  >  100 
Gbit/s  OTDM  systems.  This  is  also  the  first 
demonstration  of  optical  pulse  generation  using 
traveling-wave  EA  modulators,  which  were 
previously  demonstrated  in  a  30  Gbit/s  data 
modulation  experiment  [8]. 

Device  Characteristics: 

The  2- pm  wide,  300  and  400-pm  long  traveling- 
wave  EA  modulators  were  fabricated  with  MOVCD 
grown  ten  periods  of  strain-compensated  InGaAsP 
quantum  wells  on  semi-insulated  InP  substrate  [9]. 
The  20- pm  long  optical  waveguide  between  the  two 
modulators  was  defined  by  H+  ion  implantation  to 
render  the  region  semi-insulating.  The  measured 
impedance  was  about  10  kG.  The  ion  implantation 
also  extended  50  pm  into  each  modulator  in  order  to 
reduce  capacitance  and  microwave  crosstalk; 
however,  the  absorption  region  for  each  modulator 
was  shortened  by  100  pm.  Both  modulators  were 
terminated  in  a  thin-film  resistor  and  a  dielectric 
capacitor,  which  reduced  heating  effects  in  the 
modulators  and  the  terminations.  This  allowed  for 
long-term  operation  of  the  tandem  without  any 
external  temperature  cooling.  Figure  1  shows  a 
photograph  of  the  integrated  tandem  EA  modulators. 

Static  Characteristics: 

Figure  2  shows  the  attenuation  characteristics  of  the 
tandem  as  a  function  of  reverse  bias.  An  optical 
input  power  of  6.5  dBm  was  applied  at  1555  nm. 
The  insertion  loss  of  the  device  was  15  dB,  which 
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will  be  improved  by  AR-coating  the  facets.  Each 
device  was  individually  characterized  by  keeping 
the  other  modulator  at  zero  bias.  The  400-pm 
device  achieved  a  maximum  extinction  of  38.8  dB  at 
-6  V  while  26.2  dB  of  extinction  was  observed  for 
the  300-pm  device.  The  difference  in  the  maximum 
extinction  ratio  is  due  to  the  shorter  absorption 
region  of  the  300-p.m  device.  It  should  also  be 
noted  that  for  higher  reverse  biases,  a  saturation  of 
absorption  is  observed  for  both  devices.  Even 
though  it  is  desirable  to  apply  a  high  reverse  bias  for 
very  short  pulse  generation  using  sinusoidal 
modulation,  the  absorption  saturation  at  high  reverse 
biases  will  deteriorate  the  extinction  ratio.  On  the 
other  hand,  the  tandem  configuration  shows  an 
improved  extinction  ratio  with  a  maximum  of  55.3 
dB  at  -6V.  The  absorption  saturation  is  well 
suppressed  in  comparison  to  single  device  operation. 

Dynamic  Characteristics: 

The  optical  switching  capability  of  the  tandem  EA 
modulators  was  first  characterized  at  30  GHz.  Both 
modulators  were  driven  with  7  Vpp  sinusoidal  RF 
signals,  which  were  synchronized  by  an  electrical 
delay  line.  The  width  of  the  obtained  pulses  were 
measured  using  an  autocorrelator  and  deconvolved 
assuming  a  gaussian  pulse  shape  as  inferred  from 
the  optical  spectrum  measurements.  Figure  3  shows 
the  obtained  pulse  widths  as  a  function  of  reverse 
bias  to  the  modulators.  It  is  very  important  to 
mention  that  the  following  criteria  were  used  for 
these  measurements:  (1)  the  average  optical  output 
power  of  the  tandem  was  higher  than  -24  dBm  in 
order  to  ensure  that  the  signal-to-noise  ratio  of  the 
pulses  would  not  be  deteriorated  after  subsequent 
amplification  for  system  experiments,  and  (2)  the 
dynamic  extinction  ratio  was  estimated  to  be  >  30 
dB.  The  minimum  pulse  width  satisfying  these 
criteria  was  4.9  ps  at  reverse  biases  of  -4.5  V  and  -4 
V  for  the  300-pm  and  400-pm  devices,  which  is 
shown  in  Figure  4.  This  optical  switching  window 
is  well  suited  for  >  100  Gbit/s  optical 

demultiplexing  applications  [2],  The  pulse  widths 
obtained  from  the  individual  300-pm  and  400-pm 
devices  at  a  reverse  bias  of  -4.5  V  were  6.9  ps  and  6 
ps,  respectively.  Figure  5  shows  the  optical 
spectrum  of  the  modulated  tandem  EA  modulators, 
which  has  a  gaussian  shape  of  0.75  nm  bandwidth. 
The  time-bandwidth  product  of  0.46  for  the  4.9  ps 
pulses  suggests  that  the  pulses  were  slightly  chirped. 
When  the  tandem  was  followed  by  dispersion 
compensating  fiber  (DCF)  with  a  dispersion  of 
about  -6  ps/nm,  the  pulses  were  linearly  compressed 
to  a  transform-limited  pulse  width  of  4.2  ps  (Figure 
4).  This  pulse  width  suggests  that  the  tandem  is 
suitable  as  an  optical  pulse  source  for  simultaneous 
polarization  and  time  division  multiplexed  systems 
in  excess  of  100  Gbit/s. 


The  optical  switching  response  of  the  tandem  EA 
modulators  was  also  performed  at  40  GHz.  The  RF 
drive  was  limited  to  4  Vpp,  which  resulted  in  a 
compromise  between  minimum  pulse  width, 
dynamic  extinction  ratio  and  average  optical  output 
power.  A  minimum  optical  pulse  width  of  5.9  ps 
with  a  bandwidth  of  0.58  nm  was  achieved.  The 
extinction  ratio  was  estimated  to  be  ~20  dB.  These 
results  should  improve  when  the  tandem  is  driven 
with  higher  power  RF  amplifiers  at  40  GHz  and 
enable  low-penalty  optical  demultiplexing  of  a  160 
Gbit/s  OTDM  data  stream  [1], 

Conclusion: 

An  integrated  tandem  traveling-wave  EA 
modulators  was  demonstrated  as  a  viable  high-speed 
optical  source  and  demultiplexer.  Optical  pulses 
with  high  extinction  ratios  and  less  than  5  ps  width 
were  achieved  for  repetition  frequencies  of  >  20 
GHz. 
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Figure  2  -  Attenuation  vs.  reverse  bias  characteristics 
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Figure  3  -  Pulse  widths  vs.  reverse  biases  of  300-fxm  (x-axis)  and  400-pm  (symbols)  devices 


Time  (ps) 


Figure  4  -  Autocorrelation  trace  of  30  GHz  pulses  (inset:  oscilloscope  trace) 


Figure  5  -  Optical  spectrum  of  30  GHz  pulses 
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Introduction 

There  are  significant  benefits  in  the  use  of  optics  in 
phased  array  antenna  systems.  These  are 
particularly  compelling  for  complex  multi-beam 
antenna  systems  and  include  improved  weight  and 
power  distribution  between  the  antenna  panel  and 
central  systems  and  the  potential  for  frequency- 
independent  and  wideband  beamforming  elements. 

The  receive  link  in  such  a  system  requires  a  linear 
optical  transmitter  driven  by  the  output  of  the 
antenna  LNA.  This  subsystem  is  demanding  in 
terms  of  noise  figure  and  dynamic  range,  requiring 
high  modulation  efficiency,  high  optical  power  and 
highly  linear  modulation.  Direct  modulation  of  a 
laser  would  be  marginal  with  respect  to  linearity, 
particularly  at  frequencies  above  a  few  GHz,  and 
would  require  a  substantial  DC  power  feed  to  each 
R/T  module  for  the  laser  drive  and  cooling.  Heat 
management  would  also  be  an  issue.  An  external 
optical  modulator  is  preferred,  in  spite  of  its  larger 
physical  size  and  higher  RF  drive  level,  since  it 
can  provide  wideband  linear  modulation  and 
allows  the  optical  source  to  be  remote  from  the 
R/T  module. 

Physical  packing  constraints  of  the  many  elements 
in  a  microwave  phased-array  antenna  panel 
encourage  a  narrow  profile  for  each  R/T  module 
with  both  optical  ports  at  one  end  of  the  modulator 
and  the  RF  input  at  the  other.  There  is  no  space  for 
a  180°  fibre-loop  within  such  a  module;  thus  we 
consider  the  possibility  of  a  retro-reflective  or 
folded-path  electro-optic  modulator.  Such  a 
modulator  configuration  is  the  subject  of  this 
paper.  It  involves  a  radical  departure  from  the 
usual  port  conventions:  i.e.  optical  ports  at 
opposite  ends  with  RF  access  from  the  side. 

Travelling  Wave  GaAs  Modulators 

The  folded-path  modulator  is  based  on  a  well- 
characterised  GaAs/AlGaAs  travelling-wave 
design  that  we  have  previously  used  for  microwave 
photonic  systems.  This  device  has  a  3dB 


bandwidth  of  23GHz  and  provides  a  very  flat 
response  over  the  2-18GHz  band  (Figure  1).  Vn 
(on-off  Voltage  swing)  is  9V  at  1540nm. 


Figure  1  Non-folded  GaAs  travelling-wave 
modulator  response. 

The  modulator  is  based  on  the  well-known  Mach- 
Zehnder  interferometer,  which  has  a  differential 
phase-modulation  region  of  rib-waveguides 
furnished  with  self-aligned  electrodes.  Optical 
split  and  recombination  functions  utilise 
Multimode  Interference  (MMI)  elements  [1] 
(Figure  2).  These  provide  much  improved 
manufacturing  tolerance  compared  with 
directional-coupler  or  Y-branch  alternatives,  and 
are  of  low-loss. 


Figure  2:  Schematic  loaded-line  modulator 

with  a  folded  optical  path  using  an  on-chip  hairpin 
bend. 

The  optical  waveguides  consist  of  ribs  etched  into 
the  surface  of  a  GaAs/AlGaAs  slab-waveguide 
whose  in-grown  n-type  doping  profile  is  designed 
to  confine  the  applied  back-bias  field  from  a  self- 
aligned  electrode  to  the  immediate  vicinity  of  the 
guided-optical  mode.  Electrically  induced  phase- 
shifts  in  the  waveguides  are  due  (in  order  of 
diminishing  importance)  to  a  combination  of 
electro-optic,  majority  carrier  depletion,  and 
electro-refractive  effects. 


0-7803-6455-4/00/$1 0.00  ©  2000  IEEE 


113 


TU4.4 


Several  etches  are  applied  to  provide  varying 
functionality.  The  lightest  etch  defines  the 
waveguides  while  deeper  etches,  which  inhibit 
outer  slab-guiding,  define  MMI  and  spatial-filter 
structures.  The  deepest  etch  removes  the  epitaxial 
material  entirely  to  provide  electrical  isolation  and 
air-bridges  in  the  electrode  metallisation. 

The  travelling-wave  modulator  has  segmented 
electrodes  connected  by  air-bridges  to  the  coplanar 
RF  transmission-line  (Figure  2).  This  configuration 
constitutes  a  capacitively  loaded  line  with  a  low- 
pass  filter,  slow-wave  characteristic  that  achieves 
the  required  RF/Optical  velocity -matching  [2]. 

Optical  Path  Folding 

Figure  2  illustrates  one  possible  arrangement  using 
an  on-chip  hairpin  bend  to  achieve  the  necessary 
optical  path-folding.  Some  waveguide  bends  will 
be  employed  within  any  configuration;  however,  a 
full  180°  bend  requires  a  lot  of  space  due  to  lower 
limits  on  the  radius  of  curvature. 

The  chosen  configuration  uses  a  2x2  MMI  in 
combination  with  a  High  Reflection  (HR)  coated 
facet  (Figure  3).  The  MMI  element  (in  tandem 
with  its  mirror-image)  provides  a  full-cross  one-to- 
one  re-imaging  between  its  ports. 


Figure  3:  Illustration  of  the  retro-reflective 

folded-path  configuration 

An  alternative  design  based  on  the  HR  facet 
approach  is  to  also  fold  the  Mach-Zehnder 
modulator  at  the  reflector.  This  was  rejected  as 
being  incompatible  with  the  travelling-wave  design 
(half  the  route  would  be  counter-propagating). 
Also,  because  the  complementary  modulated 
output  light  is  returned  to  the  optical  source, 
risking  instability  in  the  laser  due  to  optical 
feedback. 

MMI  Path-Folder  Design 

A  major  issue  with  any  re-imaging  reflector 
scheme  is  that  light  lost  due  to  imperfect  imaging 
is  mostly  returned  towards  the  input  thereby 


degrading  the  optical  Sn.  The  chosen  MMI 
approach  was  checked  for  sensitivity  to  etching, 
width  facet  position,  and  facet  orientation  (tilt). 
MMIs  of  different  widths  were  also  compared  with 
a  near  equivalent  2x2  directional  coupler.  The 
latter  offers  the  narrowest  available  image-profile 
at  the  facet  and  therefore  possibly  the  best 
tolerance  to  tilt.  Simulation  used  a  modal 
decomposition  and  propagation  method  and  took 
account  of  directional  coupling  between  MMI  I/O 
waveguides. 

Sensitivity  to  Waveguide  Etch 

Figure  4  compares  the  sensitivity  of  through-loss 
and  return-loss  of  such  a  reflector  to  waveguide 
etching  for  a  directional  coupler  and  an  MMI 
design. 
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Figure  4:  Tolerance  to  etch  depth  in  MMI  and 
directional-coupler  based  reflectors 

The  results  illustrate  the  main  benefit  of  using  an 
MMI  rather  than  a  directional  coupler  design: 
namely  that  it  is  very  much  more  tolerant  to 
waveguide  fabrication  variations.  It  was  found 
that  the  greater  the  pitch  width  and  length  of  the 
MMI  the  better  the  Sn.  Also,  as  Figure  4  shows, 
deeper  etching  generally  improves  Sn  even  when 
this  degrades  the  S2i  . 

Sensitivity  to  Facet  Tilt 

An  MMI  path-folder  can  be  made  tolerant  to  the 
HR -facet  position  simply  by  defining  its  length  in 
the  layout,  adding  waveguide  ‘stubs’  to  convey  the 
twin-image  to  the  facet.  Slight  accidental  facet-tilt 
is  not  so  easily  eliminated.  In  practice  this  is 
minimised  during  fabrication  by  aligning  to  a  pre¬ 
cleaved  reference-flat  rather  than  relying  on  the 
ground-flat  provided  by  the  wafer-supplier,  which 
has  can  be  up  to  ±0.5°  in  error  in  some  cases. 
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It  would  be  expected  that  the  through-loss  and 
return-loss  due  to  facet-tilt  would  increase  with 
profile-width  at  the  facet,  as  this  increases  the 
differential  phase-shift  due  to  the  tilt.  Figure  5 
shows  this  to  be  true;  however,  overall,  the 
performance  is  improved  by  increased  spacing 
unless  the  tilt  is  large  due  to  the  better  imaging 
properties  of  wider  MMIs. 

Clearly,  the  angular  alignment  needs  to  be  accurate 
to  within  ±0.05°. 


Figure  5:  Tolerance  to  facet-tilt  in  MMI  reflectors  of 
different  widths. 

Device  Assessment 

Folded  path  optical  modulator  devices  designed 
for  operation  up  to  18  GHz  have  been  fabricated 
and  assessed  for  optical  and  electro-optic 
parameters.  A  common  I/O  lens-system  was  used, 
with  a  pellicle  beam-splitter  to  separate  the 
incident  and  output  light.  Residual  transmitted 
light  through  the  HR-coating  was  used  to  assist 
initial  alignment  using  standard  through-path, 
optical-bench  techniques. 

A  number  of  waveguide  test-structures  were 
included  with  the  device  to  facilitate  diagnosis. 
These  included  retro-reflective  straight  waveguides 
and  isolated  path-folding  MMIs. 

Optical  Losses 

HR  Facet  Reflectance  was  determined  to  be  95% 
by  comparing  the  signal  returned  from  the  HR- 
facet  with  that  from  a  silver  surface  mirror  of 
previously  determined  reflectance. 

Waveguide  Loss  was  estimated  to  be  0.5-0.7 
dB/cm  using  the  absolute  signal  returned  from  the 
HR  facet  via  a  length  of  straight  waveguide. 


Path-Folding  MMI  Loss  average  value  was  1.2  dB 
(lowest  0.6  dB). 

Other  Loss  Contributions  are  due  to  scattering  at 
connections  to  electrodes,  crossovers  and  electrode 
segmentation.  An  estimated  1.3dB  is  due  to  the 
large  number  of  such  disturbances. 

Overall,  the  relative  device  loss  is  3.4dB  and  the 
absolute  chip-loss  (including  HR  facet  and 
waveguide  loss  but  not  I/O  coupling)  is  just  below 
6dB.  The  figures  for  the  modulator  alone  are 
1.5dB  (relative)  and  2.8dB  (absolute),  showing  the 
overhead  due  to  the  path-folding  arrangements  to 
be  about  a  factor  of  two. 

Optical  Return  Loss 

The  presence  of  the  HR-facet  means  that  there  is 
the  possibility  of  optical  feedback  to  the  source 
laser  if  the  path-folding  MMI  is  ill-tuned  or  the 
facet  misaligned.  The  optical  return-loss  was 
assessed  by  comparing  the  returned  signal  with 
that  from  a  silver  surface-mirror.  A  background 
figure  of  -23dB,  measured  on  regions  of  the  facet 
remote  from  any  waveguides,  is  due  to  the  single¬ 
layer  AR  coating  which  can  be  improved  by  the 
use  of  a  more  elaborate  multi-layer  coating.  The 
optical  Sn  from  the  input  waveguide  was  only 
0.2dB  above  this  background,  showing  that  the 
contribution  from  the  path-folding  structures  is 
much  less  than  -23dB. 

RF  Assessment 

The  RF  modulation  bandwidth  was  assessed 
initially  using  a  modified  linear-path  test-fixture  in 
order  to  keep  the  HR-facet  clear  for  optical 
alignment  purposes.  The  results  (Figure  6)  indicate 
that  the  compromises  to  the  RF  launch  in  this 
fixture  have  introduced  a  response  notch  around 
17GHz.  However,  elsewhere,  the  response  is 
similar  to  that  of  the  equivalent  linear  device 
(Figure  1).  Purpose-designed  packages  (work  in 
progress)  with  RF  end-launch  are  not  expected  to 
reproduce  this  feature. 
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Figure  6:  Measured  Modulation  Response  in  test- 
fixture 

Conclusions 

We  have  designed  and  demonstrated  a  d.c.-18GHz 
GaAs  travelling-wave  modulator  suitable  for  a 
complex  multi-beam  phased-array  antenna  receive 
system.  The  defining  feature  of  the  design  is  on- 
chip  optical  path-folding  to  enable  the  needed 
dense  packing  of  the  Rx  modules  with  RF  input  at 
one  end  and  optical  interrogation  from  the  other. 
Chip  loss  is  below  6  dB.  The  optical  Sn  is  low 
and  dominated  by  the  AR-coating  of  the  optical 
facet. 

Results  for  fully  packaged  modules  should  be 
available  at  the  meeting. 
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Abstract.  We  introduce  a  novel  optical  single-sideband 
suppressed-carrier  modulator  design  using  a  standard 
Mach-Zehnder  electro-optic  modulator  and  passive 
components  that  is  bias  and  chirp-parameter 
insensitive.  Up  to  25  dB  sideband  suppression  and 
19  dB  carrier  attenuation  are  experimental 
demonstrated. 

I.  INTRODUCTION 

In  recent  years,  much  effort  has  been  devoted  to  the 
compensation  of  dispersion  impairments  in 
microwave/millimeter-wave  fiber  optic  links.  Among 
the  different  methods  proposed  to  allow  dispersion 
tolerant  transmission,  the  optical  single-sideband 
(OSSB)  modulation  offers  a  very  simple  system  to 
completely  avoid  the  electrical  carrier  suppression  effect 

[1] .  Additionally,  OSSB  has  another  important 
application  to  the  characterization  of  the  transfer 
function  of  optical  devices  such  as  fiber  Bragg  gratings 

[2] . 

Various  implementations  of  this  modulation  format  can 
be  found  in  the  literature.  Sideband  filtering  [3],  the 
analogous  of  vestigial-sideband  modulation  in  the 
electrical  domain,  is  a  simple  technique  but  it  requires 
the  filter  frequency  to  be  critically  tuned  to  the  optical 
source.  More  interesting  are  the  OSSB  electro-optic 
modulator  structures  either  based  on  the  Hartley  or 
compatible  single-sideband  concepts.  In  the  former 
method,  the  electrical  signal  and  its  Hilbert  transform 
are  applied  to  the  two  electrodes  of  a  dual-drive  Mach- 
Zehnder  biased  in  quadrature  [4].  The  hybrid  or 
compatible  single-sideband  method  uses  a  cascade 
combination  of  Mach-Zehnder  (MZ)  amplitude 
modulator  and  phase  modulator  also  driven  by  the 
electrical  signal  and  its  Hilbert  transform  [5].  Therefore, 
both  techniques  rely  on  the  use  of  non-standard  electro¬ 


optic  modulators:  one  uses  a  specific,  patented  type  of 
dual-electrode  electro-optic  modulator  (EOM)  and  the 
other  requires  integration  of  MZ  modulator  and  phase 
modulator  on  the  same  substrate. 

In  this  paper  we  propose  and  experimentally 
demonstrate  a  novel  OSSB  electro-optic  modulator 
structure  based  on  the  use  of  a  standard  single-electrode 
MZ-EOM  and  passive  fiber  optic  components.  Unlike 
previous  OSSB  EOM  designs,  this  modulator  has  the 
benefit  of  being  independent  of  the  MZ-EOM  bias 
phase  shift  and  thus  allows  implementation  of  optical 
carrier  suppression  biasing  the  MZ-EOM  for  minimum 
transmission  [6].  Therefore,  avoidance  of  chromatic 
dispersion  effects  and  reduction  of  the  RF  link  insertion 
loss  are  simultaneously  achieved. 

II.  MODULATOR  DESIGN. 

Fig.  1  a)  shows  the  new  modulator  scheme.  It  uses  an 
MZ-EOM  inside  a  Sagnac  interferometer  that  is  biased 
at  quadrature  by  a  nonreciprocal  element  inside  the 
structure.  This  design  is  similar  to  the  Sagnac 
interferometer  amplitude  modulator  (SIAM)  [7]  but 
using  an  amplitude  modulator  instead  of  a  phase 
modulator  inside  the  interferometer. 

The  modulator  operation  is  described  as  follows.  The 
polarized  light  from  a  CW  optical  source  enters  the 
modulator  and  is  split  in  a  polarization  maintaining 
coupler  (PMC).  The  resulting  optical  signals 
counter-propagate  in  the  interferometer  passing 
bidirectionally  through  the  biasing  element  and 
MZ-EOM  and  finally  recombine  at  the  output. 
Polarization  maintaining  fiber  (PMF)  is  used  to  achieve 
a  stable  polarization  of  the  light  within  the  structure. 

The  MZ-EOM  is  of  the  standard  single  travelling-wave 
electrode  type  with  residual  chirp  parameter  of  (Xmz-  The 
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electrode  electrical  termination  (-50  Q)  is  removed  so 
that  access  is  given  to  both  input  and  output  ports.  In 
order  to  achieve  OSSB  the  light  passing  bidirectionally 
through  the  MZ-EOM  has  to  be  modulated  with  the 
desired  electrical  signal  in  one  direction  and  its  Hilbert 
transform  in  the  opposite  direction.  At  high  modulation 
frequencies,  the  electrical  signal  in  a  travelling-wave 
electrode  only  modulates  efficiently  the  optical  signal 
that  copropagates  with  it.  Therefore,  the  MZ-EOM  can 
be  used  to  modulate  the  two  counter-propagating  optical 
signals  if  electrical  signals  are  introduced  through  both 
ports  of  the  electrode  [8].  This  concept  is  illustrated  in 
the  modulator  design  of  Fig.  1  a),  where  the  electrical 
signal  and  its  Hilbert  transform  enter  the  two  MZ-EOM 
electrode  ports  and  each  electrical  wave  modulates  the 
light  that  co-propagates  with  it. 


40 

_ I _ I _ 


(a) 


MZ-EOM 


40  40 

_ i _ i _ 


(b) 


The  90°  Hybrid  coupler  needed  to  obtain  the  Hilbert 
transformed  electrical  signal  is  not  necessary  if  the 
OSSB  modulator  is  to  be  used  for  a  narrow-band 
application,  i.e.  transmission  of  bandpass 
millimeter-wave  signal  over  fiber  optic  links.  As  it  is 
illustrated  in  Fig.  1  b),  in  this  case  the  same  signal  is 
applied  to  both  ports  of  the  electrical  electrode  and  the 
MZ-EOM  is  located  asymmetrically  in  the 
interferometer  so  that  at  the  output  the  modulating 
electrical  signals  have  a  relative  delay  t.  This  delay  is 
adjusted  to  provide  an  approximated  90°  phase 
difference  at  the  frequency  band  of  interest. 

The  optical  field  at  the  output  of  the  proposed 
modulator  when  it  is  driven  with  an  electrical  carrier  of 
frequency  fe  is  given  by 
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where  E0  is  the  optical  field  amplitude  at  the  modulator 
input,  v0  is  the  optical  carrier  frequency,  m  is  the 
optical  modulation  depth  and  0Bias  and  L  are  the  MZ- 
EOM  bias  phase  shift  and  insertion  loss.  This 
expression  can  be  expanded  in  terms  of  Bessel  functions 
to  give 
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Figure  1.  Schematic  diagram  of  the  OSSB 
modulator  for  (a)  wideband  and  (b) 
narrowband  operation. 


where  Jn  is  the  nth-order  Bessel  function.  As  it  can  be 
seen  the  nth  sideband  is  null  whenever  [j  +  (-jY)=  0 
this  occurs  for  n  =...,-7,-3,+l,+5,...,  and  independently 
of  the  MZ-EOM  chirp  parameter  and  bias  phase  shift.  In 
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contrast,  previous  OSSB  EOM  designs  required  the  bias 
phase  shift  to  be  set  at  quadrature. 

The  optical  power  at  the  modulator  output  for  arbitrary 
electrical  signals  is  given  by 


'cos  {m-x(t)  +  <t>Bim) 
+  cos  + 


(3) 


where  the  residual  modulator  chirp  has  been  neglected 
(a=0)  and  x(t)  is  the  normalized  applied  RF  signal. 


III.  EXPERIMENTS. 

The  experimental  setup  used  to  demonstrate  the  new 
OSSB  modulator  design  is  shown  in  Fig.  2.  Due  to  the 
unavailability  of  a  wide  bandwidth  EOM  the  feasibility 
of  the  system  is  demonstrated  at  low  frequencies  using  a 
lumped  element  electrode  MZ-EOM  that  equally 
modulates  the  light  passing  bidirectionally  through  it. 
This  MZ-EOM  is  asymmetrically  located  in  the 
interferometer  with  a  delay  r  adjusted  to  provide  90° 
phase  shift  at  selected  frequencies.  The  MZ-EOM  has 
19  dB  of  extinction  ratio,  1  GHz  bandwidth  and 
V„=6V. 

A  1550-nm  DFB  laser  followed  by  an  isolator  is  used  as 
the  optical  source  and  the  modulator  output  is  connected 
to  a  heterodyne  optical  spectrum  analysis  arrangement. 
The  nonreciprocal  biasing  element  ( (Zfei0J)  is 
implemented  as  in  [7]  with  a  quarter-wave  plate 
between  oppositely  oriented  45°  Faraday  rotators.  The 
insertion  loss  of  the  OSSB  modulator  was  measured  to 
be  1 1  dB.  This  is  the  addition  of  the  insertion  loss  of  the 
MZ-EOM  (4  dB),  biasing  element  (1.2  dB)  and  PMC 


MZ-EOM 


4) 


coupler 


Figure  2.  Experimental  Setup. 


(6.8  dB). 

To  test  the  performance  of  the  OSSB  modulator  it  was 
driven  with  a  434-MHz  0-dBm  RF  signal.  At  this 
frequency  the  phase  difference  between  the  bidirectional 
modulating  electrical  signals  is  90°.  The  modulator 
output  optical  spectrum  for  different  MZ-EOM  bias 
phase  shift  is  depicted  in  Fig.  3.  These  are  the  optical 
spectra  translated  to  the  electrical  domain  by  heterodyne 
mixing  with  a  tunable  laser  (TL).  In  Fig.  3  a)  the  MZ- 
MEO  bias  phase  shift  is  set  at  quadrature  (<z $Bias  =  n!2) 
and  in  b)  at  minimum  transmission  ( =  zt)  .  The 
results  are  consistent  with  the  theoretical  prediction  of 
sideband  cancellation  independent  of  the  MZ-MEO 
bias.  About  25  dB  of  sideband  cancellation  is  obtained 
and  this  value  is  only  limited  by  the  uniformity  of  the 
PMC.  If  this  modulator  were  used  in  a  fiber  link,  the 
dispersion-induced  electrical  power  ripple  would  be 
reduced  to  less  than  1  dB. 

Comparing  the  optical  spectra  of  Fig.  3  b)  (minimum 
transmission)  and  c)  (maximum  transmission,  0Bias  =  0) 
we  can  see  that  the  optical  carrier  is  suppressed  19  dB. 
As  expected  this  value  equals  the  extinction  ratio  of  the 
MZ-EOM  used.  Suppression  of  the  optical  carrier 
increases  the  effective  optical  modulation  depth.  This 
can  lead  to  a  reduction  of  the  RF  insertion  loss  of  a  link 
equal  to  the  carrier  suppression  if  the  average  optical 
power  level  is  increased  to  compensate  the  attenuation 
of  the  carrier  [9].  Furthermore,  if  the  OSSB  modulator 
is  used  for  characterization  of  the  transfer  function  of 
optical  devices,  the  measurement  dynamic  range  is 
increased  suppressing  the  optical  carrier. 

Another  design  of  OSSB  suppressed-carrier  modulator 
was  presented  in  [10],  However,  it  requires  a  dual-drive 
OSSB  modulator  that  is  introduced  inside  a  Sagnac 
interferometer  for  optical  carrier  suppression.  The 
design  presented  in  this  article  has  a  different  operating 
principle:  the  Sagnac  interferometer  is  used  for  sideband 
suppression  and  the  optical  carrier  is  attenuated  setting 
the  MZ-EOM  bias  phase  shift. 

In  conclusion,  we  have  presented  a  novel  OSSB 
modulator  design,  which  main  advantages  are  that  it 
uses  a  standard  off-the-shelf  externally  terminated  MZ- 
EOM  and  that  it  provides  bias  and  chirp-parameter 
independent  sideband  cancellation.  In  this  modulator  the 
MZ-EOM  bias  phase  shift  can  be  set  to  suppress  the 
optical  carrier  and  reduce  the  RF  link  insertion  loss  or 
increase  the  dynamic  range  in  optical  transfer  function 
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Frequency  (MHz) 


(a) 


Frequency  (MHz) 


(b) 


Frequency  (MHz) 

(C) 

Figure  3.  Heterodyned  optical  spectrum  for  (a) 
0B\as  —  rr/2,  (b)  (fisms  ~  rr  and  (c)  (pQia$  ~  0  ■ 

measurement  applications.  The  feasibility  of  the  design 
has  been  experimentally  demonstrated  at  low 
frequencies  and  operation  at  higher  frequencies  will  be 
reported  elsewhere. 

This  research  was  partially  supported  by  Spanish 
Comision  Interministerial  de  Ciencia  y  Tecnologia 
within  project  TIC98-1073-C02-02  and  by  a  research 
project  of  the  Gobiemo  de  Navarra. 

References 

1.  G.  H.  Smith,  D.  Novak,  and  Z.  Ahmed, 
“Overcoming  chromatic -dispersion  effects  in 
fiber-wireless  systems  incorporating  external 


modulators,  ”  IEEE  Trans.  Microwave  Theory 
Tech.,  vol.  45,  pp.  1410-1415,  1997. 

2.  J.  E.  Roman,  M.  Y.  Frankel,  and  R.  D.  Esman, 
“Spectral  characterization  of  fiber  gratings  with 
high  resolution,”  Opt.  Lett.,  vol.  23,  pp.  939-941, 
1998. 

3.  J.  Park,  W.  V.  Sorin,  and  K.  Y.  Lau,  “Elimination 
of  the  fibre  chromatic  dispersion  penalty  on 
1550  nm  millimetre-wave  optical  transmission,” 
Electron.  Lett.,  vol.  33,  pp.  512-513,  1997. 

4.  G.  H.  Smith,  D.  Novak  and  Z.  Ahmed,  ‘Technique 
for  optical  SSB  generation  to  overcome  dispersion 
penalties  in  fiber-radio  systems,”  Electron.  Lett., 
vol.  33,  pp.  74-75,  1997. 

5.  B.  Davies,  and  Jan  Conradi,  “Hybrid  Modulator 
Structures  for  Subcarrier  and  Harmonic  Subcarrier 
Optical  Single  Sideband,”  IEEE  Photon.  Teclinol. 
Lett. ,  vol.  10,  pp.  600-602,  1998. 

6.  R.  Montgomery,  and  R.  DeSalvo,  “A  Novel 
Technique  for  Double  Sideband  Suppressed  Carrier 
Modulation  of  Optical  fields,”  IEEE  Photon. 
Technol.  Lett.,  vol.  7,  pp.  434-436,  1995. 

7.  M.  L.  Dennis,  I.  N.  Duling  III,  and  W.  K.  Bums, 
“Inherently  bias  drift  free  amplitude  modulator,” 
Electron.  Lett.,  vol.  32,  pp.  547-548,  1996. 

8.  R.  D.  Esman,  and  M.  J.  Marrone,  “Passive 
Elimination  of  Polarization  Sensitivity  of  Fiber- 
Optic  Microwave  Modulators,”  IEEE  Trans. 
Microwave  Theory  Tech.,  vol.  43,  pp.  2208-2213, 
1995. 

9.  R.  D.  Esman,  and  K.  J.  Williams,  “Wideband 
Efficiency  Improvement  of  Fiber  Optic  Systems  by 
Carrier  Substraction,”  IEEE  Photon.  Technol.  Lett., 
vol.  7,  pp.  218-220,  1995. 

10.  M.  Y.  Frankel,  and  R.  D.  Esman,  “Optical  Single- 
Sideband  Suppressed-Carrier  Modulator  for 
Wide-Band  Signal  Processing,”  J.  Lightwave 
Technol.,  vol.  16,  pp.  859-863,  1998. 


120 


TU4.6 


EFFECT  OF  PILOT  TONE-BASED  MODULATOR  BIAS  CONTROL 
ON  EXTERNAL  MODULATION  LINK  PERFORMANCE 

Edward  I.  Ackerman  and  Charles  H.  Cox  III 
Photonic  Systems,  Inc. 

100  Wildwood  Dr.,  Carlisle,  Massachusetts  01741 
Phone:  (978)  369-0729,  FAX:  (978)  318-0556,  email:  eackerman@photonicsinc.com 


ABSTRACT 

The  dynamic  range  of  an  external  modulation  link 
in  which  a  pilot  tone  maintains  a  Mach-Zehnder 
modulator  at  quadrature  bias  is  limited  to 
64/(7t  mpr)4,  where  mpj  is  the  modulation  depth  of 
the  pilot  tone. 


INTRODUCTION 

In  an  analog  external  modulation  link  that  uses  an 
external  modulator,  the  third-order  inter¬ 
modulation  distortion  products  generated  by  the 
modulator’s  nonlinear  transfer  function  set  the 
upper  limit  on  the  RF  signal  powers  that  can  be 
relayed  by  the  link  with  high  signal  fidelity.  If  the 
laser  that  provides  unmodulated  light  to  the 
modulator  has  sufficiently  low  relative  intensity 
noise  (RIN),  then  shot  noise  sets  the  lower  limit 
on  the  RF  signal  power. 

Analytical  models  [1]  and  experimental  measure¬ 
ments  [2]  have  both  shown  that,  for  an  external 
modulation  link  that  uses  a  Mach-Zehnder  inter¬ 
ferometric  modulator  (MZM)  at  its  quadrature 
bias  and  a  detector  operating  at  a  DC  photocurrent 
of  2.5  mA,  the  range  of  RF  signal  powers  between 
these  two  limits,  which  is  the  intermodulation-free 
dynamic  range  ( IMFDR3 ),  is  approximately  110 
dB  •  Hz273.  In  this  paper  we  show  that  the 
conventional  method  of  maintaining  the  MZM 
bias  at  quadrature,  involving  the  injection  of  a 
pilot  tone  with  a  typical  modulation  depth  of 
2.5%,  reduces  this  IMFDR3  to  roughly  62  dB. 

ANALYSIS 


Figure  2  shows  the  method  that  is  used  most 
frequently  for  maintaining  MZM  bias  voltage  at 
quadrature  point.  This  consists  of  a  local 
oscillator  that  generates  a  pilot  tone,  usually  at 
around  1  kHz  or  so,  and  a  photodetector  that  taps 
a  small  percentage  of  the  MZM’s  optical  output 
power.  The  photodetector  feeds  a  circuit  that 
filters  out  all  but  the  second  harmonic  of  the  pilot 
tone  frequency,  and  a  feedback  loop  continuously 
adjusts  the  MZM’s  DC  bias  voltage  to  minimize 
the  detected  second  harmonic. 


Injecting  a  pilot  tone  to  control  the  MZM’s  bias 
point  lowers  the  link’s  IMFDR3  because  the  third- 
order  nonlinearity  of  the  modulator’s  transfer 
function  results  in  intermodulation  distortion 
products  at  two  in-band  frequencies  equal  to  the 
desired  RF  signal  frequency  plus  and  minus  twice 
the  pilot  tone  frequency.  These  distortion  products 
appear  at  the  link  output  and  cannot  be  filtered  out 
unless  one  limits  the  link’s  operational  bandwidth 
to  less  than  twice  the  pilot  tone  frequency. 


For  the  external  modulation  link  in  Figure  2,  in 
which  a  quadrature-biased  MZM  is  modulated  by 
two-tone  signal  vRF  (cos  CORF1t  +  cos (0RF2t)  and 
pilot  tone  vPT  cos COPTt ,  the  optical  power  illumi¬ 
nating  the  detector,  PD,  can  be  represented  as: 


p  -  p 

±  D  A  D, max 


2+2  (cos +  COStf^O 


+  mPT  cos  CO PTt)  +  ~  [mRF  (cos  0)RFlt 


+  cos  coRF2t)  +  mPT  cos coPTt}3  +... 


,  CD 


The  bold  curve  in  Figure  1  shows  the  transfer 
function  of  an  MZM,  which  dictates  how  the 
link’s  output  RF  signal  power  and  second-order 
distortion  products  vary  with  modulator  bias. 
Maintaining  the  MZM  bias  at  quadrature  is 
especially  important  in  links  operating  in  systems 
with  bandwidths  wider  than  one  octave,  because 
only  at  the  quadrature  bias  point  are  second-order 
distortion  products  minimized. 


where  PDm ax  is  the  optical  power  illuminating  the 
photodetector  at  the  output  of  the  link  when  the 
MZM  is  biased  for  maximum  transmission,  and 
where  the  modulation  depth  m  is  defined  as 
v/Vn.  Expressing  PD  as  a  function  of  m  allows 

for  the  possibility  that  the  RF  and  pilot  tones  are 
applied  to  separate  electrodes  of  the  MZM,  which 
may  have  different  V^’s. 
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Fig.  1  Transfer  function  of  an  MZM,  plus  the 
link  output  power  at  the  fundamental  RF 
and  second-order  distortion  frequencies. 


Fig.  2  Method  of  controlling  external  modulator 

bias  by  injecting  a  pilot  tone  and  using  feed¬ 
back  correction  to  maintain  quadrature  bias. 


To  determine  the  effect  of  the  pilot  tone  on  the 
link’s  dynamic  range  requires  using  equation  (1) 
to  calculate  the  magnitude  of  PD  at  three 
frequencies:  1)  RF  signal  frequency  (OrFi  (or 
equivalently,  C0rft),  2)  in-band  intermodulation 
distortion  product  frequency  2(Orfi~Q)rf2  (or 
equivalently,  2(Orft-(OrF{),  and  3)  in-band 
intermodulation  frequency  (Orfi  ±  2  (OpT  (or 
equivalently,  (Orfj  ±  2  (OpT)'. 

|  RD  [®RF\  )|  =  -^D.max  mRF  ’  (^) 

n 3 

\PD  (2 (Qrfx  ~  tt>RF2  )j  “  RD,nax  ^ 

| RD  i^RFl  —  2.(0 pr  )(  =  PD  lmx  ~^mRF  mPT  •  (4) 

The  photodetector  at  the  link  output  generates 
electrical  power  at  each  of  these  frequencies 
according  to  the  relation: 

(5) 

where  ID  is  related  to  PD  through  the  detector 
responsivity,  and  where  Rout  is  the  link  output 
impedance.  The  detector  also  generates  shot  noise 
power  at  the  link  output  as  follows: 


where  q  is  the  electronic  charge  and  B  is  the 
instantaneous  receiver  bandwidth. 

For  a  link  that  sees  two  equal-power  input  RF 
signal  tones,  Figure  3  shows  how  the  link  output 
powers  at  the  three  frequencies  in  equations  (2)- 
(4)  vary  with  input  power.  Also  plotted  in  Figure 
3  is  the  link  output  noise  power,  which  is 
independent  of  the  RF  input  power  and  which  is 
assumed  to  be  dominated  by  the  shot  noise.  In  the 
absence  of  a  pilot  tone,  shot  noise  limits  IMFDRj, 
of  an  MZM-based  external  modulation  link  to  a 
value  of: 


lMFDRi  = 


(1  ^ 

1  D,  max 

~qB 


2/3 


(7) 


which  corresponds  to  about  110  dB  •  Hz2'3  for 
(lD}  =  /D  max  / 2  =  2.5mA.  In  addition  Figure  3 

shows  that,  when  a  pilot  tone  is  present,  IMFDR3 
can  be  limited  by  the  mixing  of  an  RF  tone  and 
the  pilot  tone  rather  than  by  the  mixing  of  two  RF 
tones.  Thus  the  actual  link  dynamic  range  is 
whichever  is  smaller  of  what  was  calculated  using 
equation  (7)  or 


IMFDR3 


(S) 


N„=2q(lD)R„B 

=  Q  h,™*Rou, B  at  quadrature  bias,  (6) 


Note  that  Equation  (8),  which  is  simply  the  square 
of  the  ratio  of  equations  (2)  and  (4),  depends  only 
on  the  pilot  tone  strength  and  not  on  B. 
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Fig.  3  Relationship  between  MZM-based  external  modulation  link’s  two-tone  input  signal  power  and  output 
powers  at  the  tone  frequencies  and  at  the  frequencies  where  in-band  distortion  products  are  generated. 
Like  the  output  power  at  the  signal  frequencies  (OrF\  and  corfi,  the  output  powers  at  the  in-band  inter¬ 
modulation  distortion  frequencies  a)R[n±2  o)pT  and  ojRF2±2  CDpj  increase  linearly  (i.e.,  with  a  slope  of 
1)  with  respect  to  link  input  power  at  (0RFl  and  cor n.  Thus,  as  the  figure  shows,  the  degree  of  IMFDRi 
degradation  caused  by  the  use  of  the  pilot  tone  depends  on  the  receiver  instantaneous  bandwidth  B. 


POu,(C0RF1=m.l  MHz) 


^■Po«r(2tfkFi-tfte-100.3  MHz) 

-  P out(&>RFi+26)px=120A  MHz), 
m/>7=2.5% 

•  Nout  (meas.)  in  1  MHz 
=  -104.1  dBm 


-25  -20  -15  -10  -5 

Link  input  power  (dBm)  at  RF  frequencies  0JrF1,  0JrF2 

Fig.  4  Results  of  two-tone  intermodulation  distortion  measurement  on  an  MZM-based  external  modulation 
link  with  and  without  pilot-tone  based  modulator  bias  control  {i.e.,  with  pilot  tone  modulation  depth 
mpr= 2.5%  and  0%,  respectively).  Measured  data  and  extrapolated  curves  are  shown. 
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EXPERIMENT 

To  verify  that  Figure  3  and  the  equations  from 
which  it  is  derived  are  valid,  we  performed 
measurements  on  the  type  of  link  diagrammed  in 
Figure  2.  We  used  an  InGaAsP  diode  laser  with  a 
PM  fiber  pigtail  to  provide  30  mW  of  low-RIN 
optical  power  at  A— 1 .55  pm  to  the  modulator.  For 
the  modulator  we  used  a  standard  lithium-niobate 
MZM  with  an  input  PM  fiber  and  output  SM  fiber 
pigtail  and  with  separate  RF  and  DC  bias 
electrodes.  The  DC  electrode  exhibited  a  V„  of 
about  4.8  V.  For  the  signal  photodetector  we  used 
an  InGaAs  PIN  photodiode  with  a  responsivity  of 
0.9  AAV.  The  laser  bias  current  was  adjusted 
such  that  when  the  MZM  was  at  quadrature  bias 
we  measured  2.5  mA  of  DC  photocurrent. 

For  the  experiment  we  used  two  signal  generators 
to  provide  the  modulator’s  RF  input  port  with 
tones  at  99.9  MHz  and  100.1  MHz,  and  used  an 
RF  spectrum  analyzer  with  the  resolution  band¬ 
width  set  to  B=  1  MHz  to  measure  link  output 
signal  and  noise  powers  at  all  frequencies  of 
interest.  We  performed  two-tone  intermodulation 
distortion  measurements  with  the  MZM  bias 
controlled  manually,  and  subsequently  with  a  10 
MHz  pilot  tone  of  amplitude  vpt=:120  mV  (=2.5% 
of  4.8  V)  applied  to  the  DC  electrode  of  the 
MZM.  The  individual  data  points  on  the  plot  in 
Figure  4  show  how  our  measurements  confirmed 
that,  for  these  values  of  B  and  mPT,  IMFDR}  is 
degraded  by  about  6  dB  due  to  the  use  of  a  pilot 
tone-based  MZM  bias  controller.  Note  that  for 
smaller  values  of  B,  the  output  noise  would  be 
proportionally  smaller,  and  therefore  the  IMFDR3 
degradation  due  to  the  pilot  tone  would  be  even 
more  pronounced. 

CONCLUSIONS 

We  have  shown  that  using  a  pilot  tone-based 
control  circuit  to  maintain  a  modulator’s  optimum 
bias  point  can  have  a  detrimental  effect  on  an 
external  modulation  link’s  dynamic  range.  The 
specific  extent  of  the  performance  degradation 
depends  on  the  instantaneous  bandwidth  of  the 
receiver  in  the  system,  and  on  the  strength  of  the 
pilot  tone. 

To  counteract  this  effect,  a  bias  control  circuit  of 
this  type  may  need  to  use  a  weaker  pilot  tone  in 
conjunction  with  an  optical  coupler  that  has  a 
higher  tap  percentage.  For  instance,  reducing  the 


typical  pilot  tone  modulation  depth  from  2.5%  to 
0.5%  implies  that  the  typical  1%  optical  tap 
coupler  should  be  replaced  by  a  5%  coupler  in 
order  to  maintain  the  same  detection  sensitivity. 

The  findings  we  have  reported  and  experimentally 
verified  using  an  MZM  also  carry  implications  for 
other  types  of  external  modulators — including 
“linearized”  modulators,  in  which  the  third-order 
distortion  is  cancelled  using  one  of  a  variety  of 
methods  [3].  That  is,  if  the  linearized  bias  point  is 
maintained  using  a  pilot  tone-based  feedback 
circuit,  the  modulator  may  generate  stronger  in- 
band  intermodulation  distortion  products  by 
mixing  the  pilot  tone  with  an  input  RF  tone  than 
by  mixing  two  input  RF  tones,  resulting  in  smaller 
link  dynamic  range  than  what  the  linearized 
modulator  would  otherwise  enable. 
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This  paper  reports  on  high-speed  electroabsorption  modulators  (EAMs)  tailored  for  analogue  fibre -optic 
microwave  and  millimetre-wave  (mm-wave)  transmission.  Important  device  issues  of  broadband  lumped 
and  travelling-wave  (TW)  EAMs  are  discussed.  Additionally,  the  concept  of  a  lumped  EAM  with  an 
impedance  tuning  circuitry  is  presented  for  mm-wave  narrow-band  wireless  applications.  Further  focus  is 
laid  upon  a  multifunctional  millimetre-wave  electroabsorption  transceiver  (EAT)  that  not  only  acts  as  a 
conventional  modulator  but  can  simultaneously  be  employed  as  a  photodetector  and  an  optoelectronic 
mixer  (EATX). 


Introduction 

Electroabsorption  modulators  (EAMs)  are  a  very 
attractive  alternative  among  the  various  types  of 
optical  modulators  because  they  offer  a  number  of 
excellent  features.  Its  high  bandwidth-to-drive 
voltage  ratio  and  low  chirp  together  with  its 
integratibility  with  lasers  and  electronic  drive 
circuitry  are  just  some  of  the  important  attributes 
of  EAM  that  have  made  these  components  almost 
indispensable  to  high-bit  rate  fibre-optic  communi¬ 
cation  systems.  Recently,  10-Gbit/s  and  20-Gbit/s 
systems  employing  packaged  EAM  modules  have 
been  reported  and  40-Gbit/s  experiments  are  well 
underway  [1-3].  Besides  these  digital  applications, 
EAM  are  also  very  attractive  for  analogue  radio 
frequency  (RF)  fibre-optic  transmission  systems 
because  they  offer  the  potential  for  high  RF  link 
gain  and  exhibit  low  distortion  and  high  dynamic 
range  [4-6].  Its  small  size  and  compactness  are 
additional  features  altogether  indicating  that 
external  EAM  may  provide  a  cost-effective 
solution  for  the  fibre-optic  transmission  of  micro- 
and  millimetre-waves  [7]. 

Another  feature  of  electroabsorption  waveguide 
structures  is  that  they  can  be  utilized  not  only  for 
modulation  but  also  for  photodetection  thus  offer¬ 
ing  the  potential  for  analogue  RF  fibre-optic  trans¬ 
ceiver  applications  [8-10].  Such  EA  modulator/- 
photodetector  components,  which  we  call  electro¬ 
absorption  transceiver  (EAT),  comprise  dual¬ 
functionality  in  a  single  chip.  EATs  allow  full- 
duplex  fibre-optic  data  transmission  at  microwave 


and  mm-wave  carrier  frequencies  and,  obviously, 
high-speed  EAT  are  very  attractive  components  for 
wireless  picocellular  systems  and  interactive 
remote  sensing  applications.  Recently,  experimen¬ 
tal  set-ups  for  fibre  based  sub-carrier  multiplexed 
(SCM)  wireless  picocellular  networks  employing 
EAT  have  been  realized  and  “error-free”  full- 
duplex  broadband  data  transmission  at  microwave 
and  60-GHz  mm-wave  carrier  frequency  has  been 
achieved  [10,11]. 

This  paper  reports  on  electroabsorption  modulators 
tailored  for  analogue  fibre-optic  applications  in  the 
microwave  and  millimetre-wave  regime.  Important 
device  issues  of  lumped  EAM  and  TW-EAM  for 
analogue  applications  including  the  potential  for 
high  RF  link  gain  are  addressed.  A  lumped  EAM 
terminated  by  an  impedance  tuning  circuit  is 
presented  to  exhibit  an  improved  link  gain  within  a 
narrow  frequency  band  in  the  mm-wave  regime. 
Further  focus  is  laid  upon  multifunctional 
millimetre-wave  electroabsorption  transceivers 
that  not  only  act  as  conventional  modulators  but 
can  simultaneously  be  employed  as  photodetectors 
(EAT)  and  also  as  optoelectronic  mixers  (EATX). 

Millimetre-wave  EAM 

Lumped  EAM  -  The  high-frequency  response  of  a 
lumped  EAM  is  mainly  limited  by  the  device 
capacitance.  Providing  that  the  devices  are  small 
and  microwave  losses  are  negligible,  the  3-dB  cut¬ 
off  frequency  of  the  RF  link  gain  of  lumped  EAMs 
with  a  p-j-n-diode  optical  waveguide  structure  and 
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an  open  termination  port  is  given  by  the  well- 
known  RC  time  constant: 

/3dB  =  (2-7t  Zs  C’m  L)-1.  (1) 

Here  Zs  is  defined  as  the  characteristic  impedance 
of  the  source  transmission  line,  C’m  represents  the 
total  modulator  capacitance  per  unit  length  and  L 
denotes  the  device  length.  Obviously,  for  high- 
frequency  operation  the  total  device  capacitance 
C'mL  should  be  small,  but  reducing  the  waveguide 
length  or  increasing  the  thickness  of  the  intrinsic 
region  results  in  a  smaller  modulation  efficiency. 
Recently,  short  lumped  EAMs  (63  to  100-pm) 
with  a  p-/-n-diode  waveguide  structure  have  been 
investigated  by  various  authors  exhibiting  large 
bandwidths  in  excess  of  40-GHz  [12,13].  In  [14] 
we  demonstrated  a  65 -pm  short  non-terminated 
lumped  EAM  with  a  record  bandwidth  of  about 
70-GHz  using  a  Schottky-i-n-diode  structure.  How¬ 
ever,  as  mentioned  above,  lumped  EAMs  with 
short  lengths  have  lower  modulation  efficiencies 
and  require  relatively  higher  driving  voltages. 

Travelling-wave  EAM  -  To  overcome  this  length 
limitation  the  travelling-wave  (TW)  concept  has 
been  applied  to  EAMs.  Because  the  electrode 
capacitance  of  the  electrical  transmission  line  is 
distributed,  TW-EAMs  are  not  limited  by  the  RC 
time  constant.  Thus  they  allow  for  longer  devices 
with  the  potential  for  improved  bandwidth-to- 
drive-voltages  [15,16].  Recently,  a  200-pm  long 
TW-EAM  with  a  54-GHz  bandwidth  and  a  driving 
voltage  of  only  1.5-V  (for  10-dB  extinction)  was 
reported  [17].  An  essential  requirement  for  broad¬ 
band  TW-EAMs  is  the  realisation  of  a  low-loss 
electrical  transmission  line  that  is  terminated  by  an 
impedance,  matched  to  the  characteristic  impe¬ 
dance  of  the  transmission  line.  Furthermore,  it  is 
required  that  the  microwave  phase  velocity  is 
matched  to  the  optical  group  velocity.  Another 
important  design  issue  one  has  to  consider  is  the 
quite  large  optical  propagation  loss  per  unit  length 
that  is  typically  in  the  order  of  15  to  20-dB/mm 
[1,18]  for  EAMs  based  on  a  multiple  quantum  well 
(MQW)  structure.  Because  of  the  high  optical  and 
electrical  losses,  the  maximum  length  for  optimum 
modulation  efficiency  of  a  TW-EAM  currently 
appears  to  be  around  200-pm  [19]. 


EAM  with  impedance  tuning  circuit  -  All  the  above 
mentioned  requirements  and  design  issues  for  TW- 
EAM  are  often  conflicting  and  difficult  to  fulfil. 
Additionally,  many  analogue  applications,  such  as 
wireless  communication  do  not  require  full-band 
operation  from  DC  but  devices  tailored  to  have  a 
peak  response  in  the  frequency  band  of  interest. 
For  those  applications,  it  appears  to  be  of  advanta¬ 
ge  to  enhance  the  modulation  efficiency  of  the 
EAM  only  within  the  narrow  frequency  band  of 
interest.  This  can  be  achieved  by  employing  an 
electrical  impedance  tuning  circuit  [20].  Since  an 
EAM  is  driven  by  the  electric  field  in  its  active 
capacitance  CM,  a  high  voltage  is  required  in  order 
to  increase  the  modulation  efficiency.  Consequent¬ 
ly,  for  narrow  band  applications,  an  impedance 
tuning  circuit  as  termination  of  a  lumped  EAM 
should  be  used  to  increase  the  input  impedance  of 
the  EAM  within  the  frequency  band  of  interest. 
This  way,  a  larger  RF  link  gain  is  achieved 
because  a  larger  voltage  is  applied  to  the  EAM. 
For  comparison,  we  simulated  the  RF  link  gain 
versus  frequency  for  a  non-terminated  lumped 
EAM,  a  travelling-wave  EAM  with  impedance  and 
velocity  matching  and  an  EAM  with  a  lossy  open 
stub  as  termination  optimised  for  maximum  link 
gain  at  60-GHz.  To  allow  for  a  fair  comparison,  all 
simulated  devices  have  a  200-pm  long  and  4-jim 
wide  waveguide  with  a  300-nm  thick  intrinsic 
region.  Frequency  dependent  microwave  propaga¬ 
tion  losses  as  well  as  intrinsic  losses  have  been 
considered.  As  can  be  seen  from  Fig.  1,  the  link 
gain  of  the  impedance  tuned  EAM  at  60-GHz  is 
improved  by  7.2-dB  to  the  non-terminated  lumped 
EAM  and  by  5-dB  to  the  TW-EAM.  Additionally, 
it  should  be  noted,  that  due  to  the  tuning  circuit  the 
input  reflection  coefficient  is  shifted  from  values 
close  to  -1  to  much  smaller  values.  Thus  sH  of  the 
impedance  tuned  EAM  is  much  smaller  as 
compared  to  the  lumped  and  TW-EAM  (Fig.  2), 
and  therefore  back-reflection  into  the  EAM  driver 
circuitry  is  avoided  by  a  certain  amount. 

Millimetre-wave  EAT 

Another  feature  of  EA  waveguides  is  that  they  can 
simultaneously  be  used  not  only  for  optical 
modulation  but  also  for  optical  detection.  Such 
modulator/detector  components  exhibit  a  large 
potential  for  simplified  full-duplex  bi-directional 
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millimetre-wave  transmission,  when  used  as  an 
electroabsorption  transceiver  (EAT).  Previously, 
we  employed  EATs  in  wireless  picocellular 
systems  and  demonstrated  full-duplex  mm-wave 
fibre-wireless  transmission  of  broadband  data 
employing  a  dual-wavelength  approach  to  separate 
the  optical  up-  and  downlink  carrier  [10,11].  Here, 
we  propose  another  60-GHz  mm-wave  transceiver 
element  that  is  distinct  as  it  provides  additionally 
mixer  functionality  (EATX).  The  EATX  simultan¬ 
eously  acts  as  a  mm-wave  photodetector,  an  IF- 
band  external  modulator,  and  a  EF-to-RF  upcon- 
verter.  To  experimentally  investigate  its  mixing 
performance  a  set-up  for  optical  heterodyning  (Fig. 
3)  was  used.  Two  laser  diodes  (Xj  and  X2)  whose 
beat  frequency  is  equal  to  the  desired  mm-wave 
RF  carrier  frequency  (57-GHz)  are  combined. 
Furthermore,  one  of  the  laser  diodes  is  directly 
modulated  by  an  IF  signal  (2.6-GHz).  In  this 
configuration,  the  EATX  generates  the  mm-wave 
RF  carrier  and  simultaneously  upconverts  the  IF 
signal  to  the  mm-wave  region  thus  avoiding  the 


necessity  for  a  mm-wave  EAM.  The  electrical 
output  signal  of  the  EATX  is  shown  in  Fig.  4, 
demonstrating  efficient  mm-wave  upconversion 
with  a  carrier  power  of  -30-dBm  and  a  carrier-to- 
upconverted-sideband  ratio  of  15-dBc. 

Conclusion 

Broadband  lumped  EAMs  and  travelling-wave 
EAMs  are  discussed.  An  impedance  tuned  EAM 
design  is  presented  that  provides  improved  RF  link 
gain  at  mm-wave  frequencies.  This  device  is 
especially  dedicated  to  narrow-band  wireless 
applications  in  the  mm-wave  regime.  Additionally, 
multifunctional  EATs  and  EATXs  are  discussed 
and  efficient  EF-to-mm-wave  frequency  upconver¬ 
sion  is  experimentally  demonstrated. 
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Fig.  1:  Comparison  of  normalised  RF  link  gain  at 
mm-wave  frequencies  employing  non-terminated 
lumped  EAM,  TW-EAM  or  impedance  tuned 
EAM. 
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Fig.  2:  Comparison  of  the  input  reflection 
coefficients  at  mm-wave  frequencies  of  non- 
terminated  lumped  EAM,  TW-EAM  and 
impedance  tuned  EAM. 
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Fig.  3:  Experimental  set-up  for  photonic  IF-to- 
mm-wave  upconversion  employing  an  mm-wave 


EATX 


Fig.  4:  Measuread  signal  spectrum  of  an  IF 
signal  (2.6GHz)  upconverted  to  mm-wave 
frequency  (57GHz)  by  using  an  EATX. 


128 


WEI. 2 


MILLIMETRE- WAVE  RADIO-OVER-FIBRE  TRANSMISSION  USING  AN 
OPTICAL  INJECTION  PHASE-LOCK  LOOP  SOURCE 

L.A.  Johansson  and  A.J.  Seeds 

Department  of  Electronic  and  Electrical  Engineering,  University  College  London, 
Torrington  Place,  London  WC1E  7JE,  United  Kingdom. 

Tel:  +44  20  7679  7928,  Fax:  +44  20  7387  4350,  E-mail:  a.seeds@ee.ucl.ac.uk 


ABSTRACT 

A  broadband  millimetre-wave  radio-over-fibre 
demonstration  experiment  is  presented,  using 
an  optical  injection  phase-lock  loop  as  the 
optical  source.  140  Mbit/s  ASK  data  is 
transmitted  with  a  36  GHz  carrier  using  fibre- 
pigtailed  commercial  off-the-shelf  components 

INTRODUCTION 

Millimetre-wave  radio-over-fibre  presents  an 
attractive  method  for  delivery  of  broadband 
wireless  services.  A  key  requirement  for  such 
systems  is  an  efficient  technique  for  the 
optical  generation  of  the  millimetre-wave 
carrier.  Laser  diodes  can  generally  not  be 
directly  modulated  at  millimetre-wave 
frequencies  and  chromatic  dispersion  limits 
the  transmission  distance  to  a  few  hundred 
metres  in  standard  single-mode  fibre  [1]. 
Alternative  generation  methods  include  the 
use  of  external  optical  modulators  [2,3]  and 
optical  heterodyning  with  optical  phase  lock 
loops  (OPLL)  [4]  or  optical  injection  locking 
(OIL)  [5]. 

External  optical  modulators  can  be  modulated 
at  millimetre-wave  frequencies.  However, 
optical  insertion  losses  are  large,  particularly 
for  schemes  which  generate  dispersion  tolerant 
modulated  optical  signals.  Kitayama  [2]  used  a 
chirped  fibre  grating  to  compensate  for  the 
fibre  dispersion,  thus  being  able  to  use  double 
sideband  modulation  to  transmit  155  Mbit/s 
DPSK  data  but  this  approach  requires  custom 
compensation  of  the  fibre  length  used. 
Another  approach  has  been  demonstrated  by 
Smith  et  al  [3],  where  a  Mach-Zehnder  optical 
modulator,  with  the  electrodes  driven  out  of 
phase  by  +/-  n/2,  was  used  to  generate  optical 


and  electrical  single  sideband  modulation  to 
transmit  155  Mbit/s  BPSK  data. 

Optical  heterodyning,  i.e.  the  beating  of  two 
closely  spaced  optical  frequency  components 
spaced  by  the  required  millimetre-wave 
frequency  on  a  photodetector  offers  high 
dispersion  tolerance.  High  power  is  available, 
as  all  optical  power  contributes  to  the 
generated  signal,  high  frequencies  are 
attainable,  limited  only  by  the  photodetector 
bandwidth  and  data  can  easily  be  placed  on 
only  one  optical  component.  One  method  that 
has  been  demonstrated  by  Gliese  et  al,  is  the 
optical  phase  lock  loop  [4].  It  was  used  to 
transmit  100  Mbit/s  PSK  data  on  a  9  GHz 
carrier.  The  limitation  of  this  approach  is  the 
requirement  for  very  low  group  delay 
components  and  micro-optic  construction  to 
limit  the  loop  delay  time  or  alternatively  the 
need  for  specialised  narrow  linewidth  lasers. 
However,  wide  locking  range  can  be 
obtained  with  active  feedback.  Optical 
injection  locking  has  been  demonstrated  by 
Braun  et  al  [5]  with  transmission  of  140 
Mbit/s  CPFSK  data  on  a  60  GHz  carrier.  OIL 
can  use  standard  DFB  lasers  to  generate 
millimetre-wave  signals  with  high  purity  but 
with  limited  locking  range  due  to  the  finite 
injection  ratio.  Common  to  both  of  these 
heterodyne  demonstrations  is  that  no  optical 
amplifier  was  needed  in  contrast  to  the 
modulator-based  demonstrations. 

This  paper  describes  a  novel  method  for  the 
optical  generation  of  a  millimetre-wave 
carrier  by  optical  heterodyning,  without  the 
limitations  of  the  OIL  and  the  OPLL. 
Transmission  of  140  Mbit/s  ASK  data, 
applied  to  one  of  the  optical  lines  in  a 
dispersion  resistant  format  is  demonstrated. 
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To  photodetection  and 


Fig.  1.  Experimental  arrangement  for  the  fibre 
based  OIPLL  system.  ML:  master  laser,  SL: 
slave  laser,  PD:  photodetector,  LF:  loop  fdter, 
AD:  adjustable  delay  line.  Thick  line  indicates 
the  optical  path. 

THE  OIPLL 

In  [6],  an  all-fibre  millimetre-wave  optical 
injection  phase  lock  loop  (OIPLL)  system  was 
demonstrated  for  the  first  time.  Fig.  1  shows 
the  experimental  layout  of  the  OIPLL  system. 
A  millimetre-wave  carrier  was  optically 
generated  by  a  fibre  integrated  optical 
injection  phase  lock  loop,  Fig.  2.  Single 
sideband  noise  spectral  density  of  -92  dBc/Hz 
at  10  kHz  offset  and  phase  error  variance 
lower  than  0.005  rad2  in  100  MHz  bandwidth 
were  measured.  The  locking  bandwidth 
exceeded  30  GHz.  The  requirements  for  short 
loop  propagation  delay  or  low  combined  laser 
linewidth  that  apply  to  an  OPLL  system  are 
much  less  stringent  for  an  OIPLL  system, 
allowing  lasers  with  linewidths  about  100 
MHz  to  be  used  in  a  fibre  based  system  with 
20  ns  loop  propagation  delay,  retaining  the 
excellent  locking  bandwidth  and  the  long  term 
stability  found  in  an  OPLL  system.  The  wider 
locking  range  of  the  OIPLL  relative  to  OIL 
illustrated  by  Fig.  3,  also  ensures  much 
improved  long-term  stability  and  prevents  loss 
of  lock  due  to  fluctuations  in  the  external 
environment.  Fig.  4  shows  the  total  phase 
error  variance  of  the  OIPLL  as  a  function  of 
noise  bandwidth.  The  performance  of  the 
OIPLL  is  limited  by  the  noise  floor  due  to  the 
finite  injection  ratio  in  the  injection  locking 
process  for  carrier  offsets  greater  than  a  few 


Frequency  offset  from  carrier  (kHz) 

Fig.  2.  Spectrum  of  generated  36  GHz  beat 
signal.  Span:  100  kHz,  Res.  b/w:  100  Hz. 


Fig.  3.  Phase  error  variance  in  a  100  MHz 
noise  bandwidth  as  a  function  of  slave  laser 
detuning  for  the  OIPLL  and  corresponding 
OIL  system. 


Fig.  4.  Phase  error  variance  of  the  OIPLL 
as  a  function  of  noise  bandwidth. 
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megahertz.  At  lower  frequencies,  the  noise  is 
limited  by  the  phase  noise  of  the  reference, 
with  1/f  characteristics.  An  implication  of  this 
is  that  for  higher  data  rates  (~100  Mbit/s)  there 
would  be  little  penalty  for  applying  multilevel 
modulation  formats  for  fixed  data  rates. 


Fig.  5.  Experimental  layout  for  data 
transmission  experiment.  Thick  line  indicates 
optical  path. 


TRANSMISSION  EXPERIMENT 

Fig.  5  shows  the  experimental  layout  of  the 
data  transmission  experiment.  A  140  Mbit/s 
PRBS  feeds  an  optical  Mach-Zehnder  optical 
modulator  imposing  ASK  data  onto  one  of  the 
optical  lines  of  the  heterodyne  system.  The 
received  36  GHz  signal  was  down-converted 
to  2  GHz  in  a  triple  balanced  mixer.  The  ASK 
modulated  carrier  was  then  demodulated  in  a 
simple  envelope  detector  and  the  recovered 
signal  was  observed  on  a  digital  oscilloscope. 
The  resulting  eye  diagram  is  shown  in  Fig.  6, 
showing  good  eye  opening  characteristics.  In 
this  simple  transmission  experiment,  the 
performance  of  the  radio-over-fibre  system 
would  be  limited  by  the  characteristics  of  the 
radio  path,  rather  than  by  the  spectral  purity  of 
the  optically  generated  carrier. 
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Fig.  6.  Recovered  eye  diagrams  for  140  Mbit/s 
ASK  data. 


CONCLUSION 

In  this  paper  the  use  of  an  optical  injection 
phase  lock  loop  as  a  source  for  millimetre- 
wave  radio-over-fibre  transmission  systems 
has  been  demonstrated  for  the  first  time.  140 
Mbit/s  ASK  data  has  been  transmitted  at  36 
GHz  carrier  frequency.  This  demonstration 
shares  the  common  advantages  of  using 
millimetre-wave  generation  by  optical 
heterodyning;  high  efficiency  eliminating  the 
need  for  optical  amplifier  and  ease  of 
applying  data  to  only  one  optical  line  to  give 
a  dispersion  resistant  system.  The  OIPLL 
compares  favourably  to  alternative  methods 
of  optical  heterodyning,  OPLL  and  OIL  in 
that  it  can  be  realised  with  commercial  off- 
the-shelf  technology  and  offers  high 
environmental  stability.  Good  phase  noise 
suppression  together  with  a  wide  locking 
range  has  been  demonstrated  together  with 
dispersion  resistant  modulation  using  only  a 
baseband  optical  modulator.  Further  work 
will  concentrate  on  detailed  evaluation  of 
transmission  characteristics  over  practical 
radio-over-fibre  networks. 
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Abstract- 

Theoretical  analysis  of  the  dispersion  effect  of 
Fiber  Bragg  grating  (FBG)  in  DWDM 
fiber-radio  systems  is  presented.  The 
experiments  verify  that  signal  fading  occurs  to 
60GHz-band  optical  DSB  signal  near  the  band 
edge  of  FBG. 

I.  Introduction 

To  accommodate  a  large  number  of  antenna 
bas  stations  (BSs)  in  millimeter  (mm)-wave 
fiber-radio  access  systems,  dense  wavelength 
division  multiplexing  (DWDM)  will  be  a 
powerful  approach]!].  A  wide  bandwidth 
extending  over  25TFlz  of  doped-fiber 
amplifiers  has  recently  become  available  from 
1450nm  tol650nm,  including  S+,  S,  C,  L,  and 
L+  bands,  in  the  low-loss  transmission  window 
of  optical  fibers.  The  highest  spectrum 
efificiency[2]  and  optical  add/drop  multiplexing 
(OADM)  using  fiber  Bragg  gratings  (FBGs)[3] 
have  been  demonstrated  in  DWDM  mm-wave 
fiber-radio  systems.  Recently,  it  has  been 
pointed  out  that  the  dispersion  effect  of  optical 
filters  could  be  detrimental  in  DWDM  IM-DD 
optical  communication  systems[4].  This  might 
be  the  case  with  DWDM  fiber-radio  systems. 

In  this  paper,  we  will  present  the  theoretical 
analysis  of  dispersion  effect  of  FBG  on 
mm-wave  optical  signals.  The  experiment 
verifies  that  the  fading  occurs  to  60GHz-band 
optical  DSB  signal  near  the  band  edge  of  FBG. 
This  will  suggest  that  the  dispersion  effects  has 


to  be  considered  in  the  DWDM  channel 
allocation  for  mm-wave  fiber-radio  access 
systems. 


II.  Theoretical  analysis 
A.  System  model 

,  §  =  ( n/c)(Oc 


2k 


Ntxfe 


mm-wave  signals 
at  ca=  (U!.ci>2 


Backbone  WDM  link 


Optical 

circulator 


FBG  (utii) 


<p) — HMD- 


mm-wave  signals 
at  {o=tog 


mm-wave  signals 
at  o>=  o)!(=  ton) 


BS 

Fig!  DWDM  fiber-radio  system  employing  the 
OADM  using  a  FBG  and  the  wavelength 
channel  allocation. 


Let  us  consider  DWDM  fiber-radio  system 
employing  the  OADM  as  shown  in  Fig!.  A 
FBG  in  reflection  along  with  an  optical 
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circulator  serves  as  the  OADM.  At  each  node 
the  downlink  optical  radio  signals  are  dropped 
from  the  backbone  WDM  link  and  delivered  to 
BSs.  From  BSs  the  uplink  optical  signals  are 
added  to  the  backbone  and  transmitted  to  the 
CS.  A  few  optical  radio  signals  may  be 
multiplexed  on  a  single  wavelength.  The 
wavelength  channel  allocation  is  also  depicted 
in  Fig.l.  There  is  the  ITU-T  standard  for  WDM 
grids  of  193.100THz  g|50GHz  x  N,  (N=l,2,...) 
in  1550nm  region.  However,  the  mm-wave 
fiber-radio  systems  may  require  the  different 
wavelength  allocation,  otherwise  the  channels 
may  traverse  the  neighboring  grid.  This  will  be 
an  issue  to  be  addressed. 

B.  Dispersion  of  FBG 

The  FBG  is  a  versatile  optical  filter  widely 
used  for  WDM  applications.  Suppose  that  for 
simplicity  there  are  two  mm-wave  radio  signals 
on  a  mm-wave  subcarrier  frequency  (Dm  on  the 
optical  carrier  frequency  C0j  (i=l ,2);  one  is 
reflected  by  the  FBG  and  dropped,  and  the 
other  passes  through  the  FBG.  Assume  that  the 
optical  carrier  coi  is  set  to  be  equal  to  the  Bragg 
frequency  0)b  of  the  FBG,  so  that  it  is  reflected 
by  the  FBG,  while  the  optical  carrier  (p2  is  set 
apart  from  cob. 

Let  us  look  at  the  dispersion  effect  of  the 
FBG  on  the  pass-through  channel  which  will  be 
allocated  on  the  next  to  the  dropped  channel. 
The  propagation  constant  (3g  and  the  quadratic 
dispersion  (3g”  of  FBG  are  given  by[5] 


and  the  detunig  parameter  6  is 

8=-^(co-cob)(2) 

c 

where  nefr  is  the  effective  refractive  index  of  the 
FBG,  and  K  is  the  coupling  coefficient 
characterizing  the  strength  of  grating.  Here,  the 
materia!  dispersion  is  neglected.  As  is 
schematically  illustrated  in  Fig.l,  the 
dispersion  goes  infinity  for  k/8=T.  This  occurs 
at  the  edge  of  amplitude  reflection  band  of  2k. 


Obviously,  the  dispersion  effect  on  the 
pass-through  channel  could  be  detrimental 
when  the  wavelength  is  allocated  near  the  band 
edge. 

C.  Dispersion  effect  on  mm-wave  optical 
signal 

The  optical  field  of  intensity-modulated 
optical  carrier  co,  at  the  input  of  optical  fiber  is 
expressed  by 

E,(0,t)  +-^(1  +ya)coscyj,(/  =  1,2)(3) 

where  I0  is  the  signal  intensity,  a  the  chirp 
parameter  of  the  light  modulator,  and  m  the 
modulation  depth.  Here,  the  laser  phase  is 
ignored  because  the  phase  noise  effect  can  be 
negligible  in  the  practical  systems  using  DFB 
laser  diodes[6].  After  passing  through  the  FBG, 
the  optical  field  of  output  signal  is  expressed  by 
E(L,t)  =  JT0  exp  j{co0t  -  Pf(co0)Lf  -  #,(co0)4 } 

exP2'{(«0  +  (0my-p/  ( O)0  +  am)Lf 
-0*(®o  +®-K  +  tan“la} 

+“V(1  +  0,2X  exP7'{(®0  -  (Om)t~pf((Q0  -  <om) Lf 

-Pg(co0-(om)Lg+ tan'1  a)  (4) 

where  (3f  represents  the  propagation  constant  of 
optical  fiber,  Lf  and  Lg  the  lengths  of  optical 
fiber  and  FBG,  respectively.  Hereafter,  the  fiber 
dispersion  is  omitted  for  the  sake  of 
demonstration  simplicity.  It  should  be  noted 
that  the  dispersion  effect  of  optical  fibers  on  the 
mm-wave  optical  DSB  signal  can  be 
compensated  either  by  using  FBG[7]  or  optical 
phae  conjugator[8].  After  detecting  the  signal 
using  a  photodetector,  the  output  photocurrent 
ip  is  obtained  as 

ip  -  2 ml0  Vl  +  a 2  cos  -  {-cojp"  ( co0  )Lg  +  2  tan'1  a} 

•  cos{w/-t(<u0)L}  (5) 

where  1  denotes  the  group  delay  of  FBG.  It  is 
seen  from  Eq.(5)  that  the  signal  intensity 
changes  depending  on  the  dispersion  of  FBG, 
and  the  signal  completely  fades  for  the  worst 
scenario  that  the  condition, 
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tom2pg”(coo)Lg+2tan',a=:n7i  (n=l,  2,  ...)  is 

satisfied. 

III.  Experiment 
A.  Experimental  setup 

The  experimental  setup  of  the  OADM  for 
60GHz-band  optical  signal  is  shown  in  Fig.2. 
Two  DFB  laser  diodes  are  used;  the  wavelength 
of  LD1  is  set  at  Xi=1549.2nm  which  is  equal  to 
the  Bragg  wavelength,  A,B  of  FBG,  and  the 
wavelength  of  LD2,  X2  is  tunable.  A 
60GHz-band  InGaAsP  electroabsorption 
modulator  (EAM)  is  used  as  the  EO 
converter[9].  A  pin  photodiode  having  3dB 
bandwidth  of  50GHz  is  used  as  the  OE 
converter.  A  FBG  along  with  an  optical 
circulator  is  placed  between  the  laser  sources 
and  the  detector. 

The  two  optical  carriers  are 
intensity-modulated  with  the  EAM  by  applying 
the  mm-wave  signal,  thus  generating  two 
optical  DSB  signals.  The  data  signal  is 
15 6Mb it/s  NR Z  223-l  PRBS  in  a  DPSK  format 
with  the  intermediate  frequency  (IF)  of  2.6GHz 
and  the  local  oscillator  (LO)  of  57.0GHz.  The 
optical  DSB  signal  is  detected  by  the 
photodetector,  and  the  output  electrical  signal  is 
demodulated  and  directed  to  the  BERT. 

I  LO 


shows  that  the  other  optical  signal  at 
A,i=1549.2nm  is  completely  dropped  by  the 
FBG.  The  detected  59.6GHz  signal  power  and 
its  theoretical  prediction  of  Eq.(5)  are  plotted  as 
a  function  of  wavelength  X2  in  Fig.4.  The 
transmitted  power  and  the  dispersion  of  the 
FBG  are  also  shown.  The  signal  fading  is 
clearly  observed.  As  increasing  the  dispersion 
value  in  the  shorter  wavelength  region,  the 
fading  becomes  more  frequent.  This  tendency 
is  supported  by  the  theory.  The  bit  error  rate 
measurements  for  the  156Mbit/s  PRBS  data 
also  confirmed  the  signal  fading. 


1546  1548  1550  1552 

Wavelength  [nm] 

Fig.3  Measured  optical  spectrum  of  optical 
signal  after  the  FBG  and  the  measured  power 
reflectivity  of  FBG. 


Fig.2  Experimental  setup  of  the  OADM  for 
60GHz-band  optical  signal. 

B.  Experimental  results 

The  measured  optical  spectrum  of  optical 
signal  after  the  FBG  is  shown  in  Fig.3.  The 
measured  power  reflectivity  of  FBG  is  also 
shown  in  the  inset.  It  maintains  roughly  90% 
reflectivity  is  over  2nm  wide  spectral  range.  It 


1549.8  1550.2  1550.6  1551.0  1551.4 

Wavelength  fnmj 

Fig.4  Detected  59.6GHz  signal  power  and  its 
theoretical  prediction  of  Eq.(5)  as  a  function  of 
wavelength  X2.  The  transmitted  power  and  the 
dispersion  of  the  FBG  are  also  shown. 

IV.  Conclusion 

Theoretical  analysis  of  the  dispersion  effect 
of  FBG  in  DWDM  fiber-radio  systems  has 
been  presented.  The  experiments  have  verified 
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that  signal  fading  occurs  to  60GHz-band 
optical  DSB  signal  near  the  band  edge  of  FBG. 
This  suggests  that  the  dispersion  effects  has  to 
be  considered  in  the  DWDM  channel  allocation 
for  mm-wave  fiber-radio  access  systems. 
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Abstract —  This  paper  reports  on  the 
demonstration  (BER  <  10'9)  of  156  Mb/s  DPSK 
optical  mm-wave  signal  transmission  over  a  20  km 
standard  single-mode  fiber  with  an  18  dB 
optoelectronic  image  rejection  mixer  employed. 

I.  Introduction 

In  future  broadband  wireless  access  systems 
employing  the  schemes  of  fiber-optic  millimeter-wave 
(mm-wave)  links  [1],  it  is  attractive  to  centralize  the 
signal  processing  functionalities  to  a  central  office 
(CO)  and  to  make  antenna  base  stations  (BSs) 
ultimately  simple  [2],  It  is  because  such  BS 
simplification  provides  not  only  reduction  in  their 
construction  and  maintenance  costs  but  also  highly 
flexible  capability  to  keep  up  with  renewal  in 
modulation  format  or  frequencies. 

On  the  other  hand,  it  is  important  to  generate  an 
RF  signal  with  suppressed  LO  or  image  components 
when  those  are  unnecessary  from  the  viewpoint  of 
efficient  use  of  frequency  resource.  Such  an 
essential  functionality  can  be  realized  in  a  CO  with 
fiber-optic  mm-wave  links  employed  by  either  of  the 
followings:  (a)  the  electrical  mm-wave  filtering 
method  or  (b)  the  electrical  mm-wave  phase  control  as 
usually  used  in  an  electrical  image  rejection  mixer 
(IRM).  However,  it  is  not  possible  in  the  former  to 
deal  with  modification  of  RF  frequencies,  leading  to 
increase  in  inflexibility  of  the  links.  As  for  the  latter, 
on  the  other  hand,  related  monolithic  integrated  circuit 
technologies  are  still  premature. 

We  proposed,  as  a  possible  alternative  to 
surpass  those  conventional  methods,  the 
optoelectronic  IRM  (OE-IRM)  scheme  [3]  which 


offers  not  only  suitability  to  fiber-optic  mm-wave 
links  but  also  fairly  high  image  rejection  (IR)  ratios  at 
mm-wave  frequencies  or  higher  without  either  (a)  or 
(b)  employed.  Indeed,  we  have  shown  its  basic 
concept  and  confirmed  its  operational  principle  by  a 
preliminary  experiment  with  an  acoustooptic 
modulator  [3].  It  was  followed  by  the  successful 
demonstration  of  156  Mb/s  ASK  optical  mm-wave 
signal  transmission  [4]  employing  an  OE-IRM  with  a 
finite  bandwidth. 

However,  the  ASK  format  is  not  an  ultimate 
solution  from  the  IRM  operation  point  of  view  in  spite 
of  its  merit  that  the  transmission  characteristics  are 
not  heavily  affected  by  the  carrier  phase  noise.  In 
this  paper,  we  report  on  the  demonstration  of  156 
Mb/s  OE-IRM-based  optical  mm-wave  signal 
transmission  over  a  20  km-long  standard  single-mode 
fiber  (SMF)  with  the  differential  phase  shift  keying 
(DPSK)  format.  As  well  known,  the  DPSK  format  is 
more  frequently  utilized  in  the  wireless  access 
systems  than  the  ASK  format. 

n.  Configuration  of  the  OE-IRM 

Figure  1  shows  the  OE-IRM  configuration 
which  we  used  in  the  present  work  [4]  [5].  The 
polarization  mode  dispersion  (PMD)  filtering  method 
[3]  is  chosen  for  the  elimination  of  unnecessary 
sideband  signals.  Its  operational  principle  is  as 
follows.  The  input  to  OE-IRM  is  a  dual-mode 
optical  LO  signal,  which  is  first  divided  by  a  fiber 
Bragg  grating  (FBG)  and  an  optical  circulator:  one 
(OLOl)  is  reflected  by  the  FBG  and  the  other  (0L02) 
is  transmitted.  The  former  is  led  into  a  Mach- 
Zehnder  Modulator  (MZM),  in  which  an  optical  IF 
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Fig.  1.  The  OE-IRM  configuration  employing  the  PMD 
filtering  method;  PC,  polarization  controller. 

signal  is  generated  by  double  sideband  modulation 
with  the  suppressed  carrier  (DSB-SC)  method.  After 
the  optical  IF  signal  and  0L02  are  combined,  they  are 
led  into  a  polarization  maintaining  fiber  (PMF).  Its 
length  is  around  Ln=  (2AxA/)_I  [6]  so  that  the 
polarization  states  of  two  sidebands  of  optical  IF 
signal  are  orthogonal  to  each  other  at  its  output  (see  in 
Fig.  1).  Here,  Ax  is  a  PMD  value  and  A/(=  2  fw)  is 
the  optical  frequency  separation.  By  adjusting  the 
polarization  state  of  0L02,  the  heterodyne-detection 
of  these  spectra  provides  a  mm-wave  upper  sideband 
(USB)  signal  at/^  fw  with  suppressed  signals  at  /L0 
and  /L0-  fw  (lower  sideband,  LSB). 

Similarly  to  our  previous  result  [3],  the 
expected  output  optical  spectra  are  those  of  optical- 
single-sideband  modulation,  providing  the  robustness 
to  the  chromatic  dispersion  penalty  [7].  In  addition, 
this  configuration  is  advantageous  compared  with  that 
in  our  original  work  [3]:  dual-mode  optical  LO  signals 
generated  in  various  ways  [8]-[l  1]  are  acceptable,  in 
some  of  which  required  electric  circuits  can  be 
simplified. 

In  comparison  with  other  optical  filtering 
techniques  such  as  a  Fabry-Perot  filter,  a  Mach- 
Zehnder  filter  and  so  on,  the  PMD  filtering  method  is 
attractive  since  the  filtering  characteristics  are 
dependent  only  on  A f  and  are  independent  of  the 
lightwave  frequency.  One  should  note  here  that  the 
polarization  retardation  depends  on  the  IF  signal 
frequency.  This  gives  a  limiting  factor  of  bandwidth; 
the  USB  to  LSB  ratio  (IR  ratio)  is  expressed  by 
10  log  [tan‘2(7t/ofrsc,/4/IF)]  dB  when  the  EF  signal 
frequency  is  set  off  by  /offset  from  fw.  It  was 
confirmed  experimentally  that  the  measured  IR  ratio 
coincided  with  such  estimation  and  that  a  20  dB  IR 


ratio  bandwidth  of  more  than  400  MHz  was  derived  at 
fw  =  2  GHz  [4].  Moreover,  one  can  expect  that  the 
bandwidth  will  be  even  broadened  if  a  higher  IF 
frequency  is  used. 

Higher  performance  can  be  expected  with  a 
similar  configuration  if  one  uses  a  broadband  optical 
frequency  shifter  (OFS)  [4][12][13J.  However,  it  is 
not  commercially  available  at  present.  Therefore,  we 
have  reserved  the  study  on  the  ultimate  performance 
of  OFS-based  OE-IRM  for  the  future  works  and  will 
place  our  emphasis  on  the  investigation  of  the 
performance  of  the  PMD  filtering-based  configuration 
hereafter  in  order  to  examine  the  potential  of  OE- 
IRM. 

m.  Fiber-Optic  Transmission  Experiment 

We  demonstrated  the  optical  mm-wave  DPSK 
signal  transmission  using  the  OE-IRM.  Figure  2 
shows  the  experimental  setup.  A  LiNb03  MZM 
(LO-MZM)  was  driven  by  a  28.5  GHz  signal  to 
generate  a  57  GHz  dual-mode  optical  LO  signal 
through  the  DSB-SC  method  [8],  A  2  GHz  DPSK  IF 
signal  was  generated  from  a  155.52  Mb/s  PRBS  223-l 
NRZ  signal  in  the  CO,  amplified,  and  injected  into  the 
OE-IRM.  We  should  note  that  the  propagation 
lengths  of  OLOl  and  0L02  along  the  fibers  should  be 
similar  to  each  other.  Otherwise,  the  phase  noise  in 
the  laser  light  causes  an  RF  phase  noise  generated  by 
the  heterodyne-detection  and  affects  the  DPSK  signal 
demodulation.  The  length  of  PMF  (Ax  =  1.59  ns/km) 
L  was  78  m  while  Ln  is  78.6  m.  The  difference 
between  L  and  LK  leads  to  negligible  influence  on  the 
filtering  characteristics  and  the  output  RF  power.  A 
1.0  nm  optical  band-pass  filter  was  set  at  the  output  of 
OE-IRM  to  remove  the  ASE  noise  of  EDFAs. 

The  output  light  of  the  OE-IRM  was  transmitted 
over  a  20  km-long  standard  SMF  to  a  BS.  A  59  GHz 
DPSK  signal  was  generated  in  a  pin-photodiode  at  BS 
and  amplified.  Figure  3  shows  the  RF  spectra  of  the 
BS  output.  The  corresponding  RF  powers  are  shown 
in  Table  I,  which  indicate  that  IR  ratio  and  USB  to  LO 
ratio  are  18  dB  and  8  dB,  respectively,  even  after  20 
km  SMF  transmission.  These  values  are,  however, 
lower  than  those  expected  from  the  results  of  single 
tone  measurement  [4],  The  reason  is  not  clear  at 
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Fig.  2.  Experimental  setup  for  156  Mb/s  optical  mm- 
wave  signal  transmission  over  a  20  km  SMF. 


present  and,  therefore,  detailed  investigation  is  needed 
to  improve  it.  Since  there  exists  a  slight  amount  of 
PMD  in  the  standard  SMF,  it  would  be  worried  that 
the  initial  polarization  states  are  distorted  to  some 
extent  through  the  whole  transmission,  resulting  in 
possible  degradation  in  the  IR  ratio.  However,  it  was 
found  out  to  be  only  1  dB  in  the  present  experiment. 

The  BS  and  a  wireless  terminal  were  connected 
by  a  coaxial  cable  and  free-space  transmission 
between  them  was  omitted  this  time,  which  should  be 
done  in  the  future.  The  mm-wave  signal  thus 
generated  was  down-converted  to  2  GHz  therein  and 
the  baseband  signal  was  regenerated  by  the  DPSK 
demodulator.  Figure  4  shows  measured  bit  error  rate 
(BER)  characteristics  with  an  obtained  eye  diagram 
(inset).  The  latter  shows  clear  eye  opening,  while  a 
BER  of  <  10‘9  was  achieved  at  the  received  optical 
power  Popt  of  -14.5  dBm.  These  results  suggest  that 
the  OE-IRM  utilized  here  possesses  potentially  what 
was  expected  concerning  the  DPSK  optical  mm-wave 
transmission.  One  exception  is  the  rather  poor  IR 
ratio. 

We  used  an  external  cavity  laser  diode  as  an 
optical  source  and,  therefore,  the  phase  noise  included 
in  it  was  low  enough  to  prevent  the  signal  degradation. 
However,  one  should  be  careful  and  clarify  the  effect 
when  one  uses  a  laser  diode  of  low  coherence. 
Furthermore,  temporal  fluctuation  in  the  fiber  length 
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Fig.  3.  The  RF  spectra  generated  in  the  BS.  Note 
that  the  LSB  component  is  suppressed.  The  peaks 
marked  with  asterisks  are  spurious  response  due  to 
harmonic  mixer  used  for  the  measurement  and  are  not 
real  signals.  The  ones  with  circles  are  upconverted 
156  MHz  signals  which  were  included  in  the  IF  signal. 


TABLE  I 

Measured  RF  Power 


LSB 

LO 

USB 

Back  to  back 

-47  dBm 

-38  dBm 

-28  dBm 

20  km  SMF 

-47  dBm 

-37  dBm 

-29  dBm 

-20  -18  -16  -14  -12  -10 

Received  Optical  Power  (dBm) 


Fig.  4.  Measured  BER  plotted  as  functions  of 
received  optical  power  Popt  and  eye  diagram. 
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causes  the  phase  variation  in  the  photo- detected  mm- 
wave  signal.  Probably  a  phase-lock  loop  circuit  is 
required  in  a  mobile  terminal  in  order  to  utilize  the 
BPSK  format. 

IV.  Conclusion 

By  using  an  OE-IRM  configuration  with  the 
PMD  filtering  scheme,  156  Mb/s  DPSK  optical  mm- 
wave  transmission  was  performed  and  BER  of  10'9 
was  achieved.  The  obtained  image  rejection  ratio  is 
18  dB  which  could  be  improved.  It  is  thus 
confirmed  that  an  OE-IRM  can  be  applicable  to  the 
fiber-optic  wireless  links  with  the  DPSK  format 
although  more  detailed  investigation  on  the 
suppression  ratios  is  needed 
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Abstract —  Optical  heterodyne  detection 
technique  of  millimeter-wave-band  fiber- 
radio  signal  with  phase  noise  cancellation  is 
proposed.  Error-free  detection  of  a  59.6- 
GHz,  156-Mb/s-DPSK  signal  transmitted 
over  a  radio-on-fiber  system  is  experimen¬ 
tally  confirmed  without  any  serious  phase 
noise  effect. 

I.  Introduction 

In  radio-on-fiber  systems,  the  external 
modulation  provides  a  simple  base  station 
(BS)  configuration,  leading  to  accelerat¬ 
ing  an  initial  commercial  deployment  [1], 
We  have  already  reported  the  fiber-optic 
millimeter-wave  (mm-wave)  down-  and  up¬ 
link  systems  using  a  60-GHz-band  electroab¬ 
sorption  modulator  (EAM)  [2]— [3] .  To  re¬ 
ceive  large  optical  power  enough  to  get  error- 
free  transmission  quality,  the  system  cannot 
help  using  optical  amplifiers.  In  analog  op¬ 
tical  systems  such  as  radio-on-fiber  applica¬ 
tions,  however,  accumulated  amplified  spon¬ 
taneous  emission  (ASE)  noise  from  optical 
amplifiers  cannot  be  removed  any  longer. 
The  noise  is  fatal  for  the  photodetected  sig¬ 
nal.  It  is  generally  well-known  that  optical 
coherent  detection  has  higher-sensitivity  for 
received  optical  signal  than  direct  detection 
[4].  So,  we  expect  that  the  coherent  detec¬ 
tion  can  avoid  using  optical  amplifiers 

In  this  paper,  laser  phase  noise  free  optical 
heterodyne  detection  technique  of  mm-wave 
fiber-radio  signals  with  phase  noise  cancel¬ 
lation  is  proposed.  In  proposed  technique, .a 


free-running  dual-mode  local  light  source  is 
used  to  detect  a  60-GHz-band  fiber-radio 
signal.  Because  only  two  components  of 
the  optical  signal  are  selected  out  by  the  lo¬ 
cal  light  and  used  to  demodulate,  this  tech¬ 
nique  is  theoretically  immune  from  the  fiber 
dispersion  which  causes  the  signal  fading, 
even  if  the  optical  signal  is  double  sideband 
(DSB)  format.  When  two  photodetected 
signals  in  the  first  intermediate-frequency 
(IF)  range  are  multiplied  each  other,  the 
differential  component  appears  in  the  sec¬ 
ond  IF  range  without  any  laser  phase  noise. 
This  means  that  this  detection  technique  is 
in  principle  free  from  the  laser  phase  noise. 
To  confirm  the  principle,  the  error-free  de¬ 
tection  of  60-GHz-band,  156-Mb/s-DPSK 
fiber-radio  signal  is  experimentally  demon¬ 
strated. 

II.  Principle 

Figure  1  (a)  shows  the  principle  of  optical 
heterodyne  detection  technique  of  mm-wave 
fiber-radio  signal  with  phase  noise  cancelling 
circuit  (PNC).  The  system  basically  consists 
of  a  single-mode  light  source,  an  optical  ex¬ 
ternal  modulator,  a  dual-mode  local  light 
source,  an  optical  power  combiner,  photode¬ 
tector  (PD),  and  a  PNC.  There  are  two  pos¬ 
sible  configurations  of  the  PNC:  (A)  square 
law  and  (B)  multiplier  [5]. 

Optical  carrier  from  the  single-mode  light 
source,  /1;  with  the  phase  noise  of  </>i(f)  is 
modulated  with  a  mm-wave  radio-frequency 
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(b) 


fiV+fLO/2 /-fiF+fi,0/2\  fLO  jk F  I  -_/iF+/RF+/Lo/2 
_/iF+/feF-yio/2  —fi  F+jkv—fi£)/2  _/If+/rf+/lo/2 

(c) 


Fig.  1.  (a)  Block  diagram  of  the  proposed  tech¬ 

nique.  (b)  Optical  signal  spercra:  E\(t)  and 
E2(t).  (c)  Photodetected  signal  spercra:  h(t). 


(RF)  signal,  fRF-  The  normalized  electric 
field,  £q(t),  can  be  written  generally  as  the 
following  Fourier  Series. 


Ei(t)  = 

oo 

anej{^Ul+nfRF)i+nS(t)+<{>i(t)}  ^ 

7l=  — OO 


where  9(t)  is  the  payload  data  on  the  RF 
signal.  On  the  other  hand,  normalized  elec¬ 
tric  field  of  the  optical  local  tone  which  put 
into  the  PD,  E2(t),  was  also  written  by 

E2(t)  = 

_j_ei{27r(/2+^)t+02(i)}^  (2) 

where  f2  [y^/i],  and  /fio  are  the  cen¬ 

ter  frequency,  the  phase  noise,  and  the  fre¬ 
quency  interval  of  the  dual-mode  local  light 
source,  respectively.  The  single-mode  and 
dual-mode  local  light  sources  are  indepen¬ 
dently  being  driven.  Figure  1  (b)  shows  the 


combined  optical  spectra.  When  Ex(t)  and 
E2(t)  are  optically  heterodyne-detected  with 
the  PD  having  square-law  profile,  the  output 
electric  signal,  Ix (t),  appears  at  the  output 
of  the  PD. 

I1(t)  =  KE1(t)-E;(t)  = 

Np  ej{2v(/lF+nfRF+Llf-)t+ne(t)+4‘JF(t)} 


oo 

+K  £ 


>{ 


2-*(flF+nfRF-E^-')t+n6(t)+<l>1F(t)} 


=  7 la0eJ{2v(flF+n?iy+4,,Fit)} 

-\-1Za  eJ {’2ir(fiF'+fnF- E^-^jt+o(t)+<f>i fU)^ 
T(the  other  components)  (3) 

Here,  7 Z  represents  the  responsivity  of  the 
PD,  f if  =  /1-/2,  and  =  </>i{t)-<h(t)- 

Figure  1  (c)  shows  the  spectra  of  Ii(t).  If 
only  the  first  and  second  terms  in  Eq.  (3), 
fiF  +  /lo/ 2  and  fIF  +  fRF  -  Jlo/2,  are  mul¬ 
tiplied,  the  second  IF  signal,  I2(t),  can  be 
given  after  passing  through  BPF2. 

I2(t)  =  aoai 'R?ei{2*{jRF-fLo)t+elt)}  (4) 

Here,  the  bandwidth  of  bandpass  filters, 
BPFX  including  both  fiF  +  Jlo/ 2  and  fiF  + 
Irf  -  BPF2  at  JrF  —  Jlo,  BP F3  at 

//fT/lo/2,  and  BPF 4  at  fiF  +  Jrf~  Jlo/ 2 
must  be  optimized  enough  to  pass  thought 
only  the  desired  signals.  From  Eq.  (4),  no 
laser  phase  noise  term  remains.  This  means 
that  this  detection  technique  is  in  principle 
free  from  the  laser  phase  noise.  In  addition, 
the  fiber  dispersion  effect,  which  causes  the 
fading  of  the  photodetected  signal,  does  not 
seriously  affect  to  the  transmission  quality 
because  only  2  components  of  optical  signal, 
i.e.  carrier  and  one  sideband,  are  detected. 

III.  Experiment 
A.  Experimental  Setup 

Figure  2  shows  a  experimental  setup  to 
confirm  the  principle.  An  optical  system  in 
the  setup  consists  of  a  distributed  feedback 
laser  diode  (LDi),  a  60-GHz-band  EAM  [2], 
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Fig.  2.  Experimental  setup. 


a  3-dB  optical  coupler,  a  tunable  laser  diode 
(LD2),  two  polarization  controllers  (PCs), 
an  LN  modulator  (EOM),  an  erbium-doped 
fiber  amplifier  (EDFA),  an  optical  isolator, 
and  a  PD.  The  PNC  based  on  the  square 
law  scheme  consists  of  two  electric  ampli¬ 
fiers,  and  an  electric  mixer  (the  bandwidth 
of  RF,  LO,  and  IF  ports  are  5-18  GHz,  5-18 
GHz,  and  DC-3  GHz,  respectively). 

An  optical  carrier  (Ai)  is  intensity- 
modulated  with  a  59.6-GHz  [=  /rf],  155.52- 
Mb/s-DPSK  signal  (PRBS  =  223-l)  by  the 
EAM.  An  optical  local  tone  (A2),  which  is 
modulated  with  a  28.5-GHz  [=/lo/2]  sinu¬ 
soidal  wave  at  the  carrier-suppressed  bias  of 
the  EOM,  and  the  optical  signal  are  com¬ 
bined  via  the  3-dB  coupler,  and  then  opti¬ 
cally  heterodyne-detected  by  the  PD.  The 
EDFA  was  used  to  amplify  the  optical  local 
tone.  The  isolator  was  used  to  avoid  the  re¬ 
flection  at  the  3-dB  coupler.  In  the  PNC, 
the  heterodyne-detected  signal  is  amplified 
by  the  first  electric  amplifier  with  the  limited 
bandwidth  (DC-26.5  GHz),  power-divided, 
mixed  in  the  electric  mixer,  and  then  ampli¬ 
fied  again  by  the  next  amplifier  (2-4  GHz). 
The  2.6-GHz  [=  /rf  —  /lo]  IF  signal  after 
the  mixer  is  demodulated  by  a  DPSK  de¬ 
modulator  to  extract  the  data  and  the  clock. 

B.  Experimental  Results 

The  measured  optical  spectrum  is  shown 
in  Figs.  3.  The  thick  and  thin  lines  repre¬ 
sent  the  optical  signal  and  local  tone  in  front 
of  the  PD,  respectively.  The  wavelengths  of 
LDi  and  LD2  were  around  1550.27  nm  [=Aj] 
and  1550.17  nm  [=A2],  respectively.  The  in¬ 
sertion  optical  losses  of  the  EAM  at  the  bias 


Fig.  3.  Measured  optical  spectrum. 


of  —1.5  V  and  the  EOM  at  the  bias  of  1.5 
V  were  about  11  and  25  dBm,  respectively. 
The  reason  why  the  EOM  insertion  loss  was 
large  is  that  it  was  driven  at  the  bias  of  14 
in  order  to  perform  carrier-suppressed  DSB 
modulation.  The  power  of  / rf  put  into  the 
EAM  was  6  dBm  at  the  same  bias,  corre¬ 
sponding  to  the  modulation  depth  of  about 
44  %.  In  the  optical  local  tone,  the  carrier 
still  remained.  This  may  also  remain  after 
mixing,  but  it  is  easily  removed  if  \\  and  A2 
is  adequately  allocated  as  mentioned  below. 

The  photodetected  signals  before  and  af¬ 
ter  the  mixer  were  also  measured.  Figure  4 
shows  their  results.  The  photodetected  sig¬ 
nals  appear  at  around  12.4  GHz  [=//f  -f 
/lo/2],  15.0  GHz  [=fiF  +  Irf  —  fhol 2], 
and  16.2  GHz  [——/if]-  Note  that  /i  < 
/2.  These  show  large  phase  noises  due  to 
LDi  and  LD2.  As  shown  in  Fig.  4(b),  how¬ 
ever,  2.6-GHz  IF  signal  was  generated.  The 
linewidth  was  less  than  30  Hz  and  the  sin¬ 
gle  sideband  phase  noise  was  less  than  —73 
dBc/Hz  at  10  kHz  apart  from  the  carrier, 
in  spite  that  the  linewidth  of  the  LDi  and 
LD2  was  5  MHz  and  100  kHz,  respectively. 
Hence,  the  phase  noise  cancellation  was  suc¬ 
cessfully  demonstrated.  Although  the  un¬ 
desired  signal,  — f if i  was  remained,  it  never 
affected  to  the  2.6-GHz  IF  signal  because  we 
never  made  —fiF  and  /ifEIlo  /2  symetrical 
for  fiF  +  Jrf  —  Ilo/2- 

We  also  measured  the  BERs  as  a  func¬ 
tion  of  optical  signal  power  put  into  the  PD. 
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Fig.  4.  Photodetected  signals  (a)  before  the  mixer 
and  (b)  after  the  mixer. 


Optical  local  power  put  into  the  PD  was 
—  11  dBm.  RF  input  power  put  into  EAM 
of  f rf  was  6  dBm.  No  BER  floor  was  ob¬ 
served  within  the  measured  range.  The  min¬ 
imum  received  optical  signal  power  to  get 
the  BER  of  10-9  was  —12.5  dBm.  When 
the  RF  power  was  lower  than  5.5  dBm,  it 
was  actually  hard  to  achieve  the  BER  of 
less  than  10_9  even  if  the  higher  optical  sig¬ 
nal  power  up  to  —9.2  dBm  was  put  into  the 
PD.  This  is  due  to  the  ASE  noise  from  the 
EDFA  which  is  unwillingly  used  to  give  the 
high  power  of  the  optical  local  tone,  caus¬ 
ing  a  BER  floor.  But  it  is  never  an  essen¬ 
tial  problem  because  some  high-power  dual¬ 
mode  local  light  sources  with  no  additive  op¬ 
tical  noise  have  been  proposed,  for  example, 
2-mode  DBR-MLLD  [6]  or  2-mode  injection- 
locked  FP-LD  [7]. 


As  mentioned  the  above,  it  was  experi¬ 
mentally  confirmed  that  the  proposed  tech¬ 
nique  is  free  from  the  laser  phase  noise. 

IV.  Conclusion 

We  have  proposed  optical  heterodyne  de¬ 
tection  technique  of  mm-wave  fiber-radio 
signal  with  phase  noise  cancellation.  The 
error-free  detection  of  59.6-GHz,  156-Mb/s- 
DPSK  fiber-radio  signal  has  been  experi¬ 
mentally  confirmed  without  any  phase  noise. 
In  addition,  this  technique  has  been  also  the¬ 
oretically  immune  from  the  fiber  dispersion 
effect. 

We  expect  that  this  technique  leads  to  the 
realization  of  radio-on-fiber  systems  without 
additive  optical  noise. 
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Abstract-  We  present  the  design  and  fabrication  of  a 
monolithic  predistortion  linearization  circuit  with 
application  to  externally  modulated  analog  fiber  optic 
links.  Results  indicate  24dB  suppression  of  3rd  order 
distortion  at  1.3  GHz.  We  also  present  experimental 
results  on  the  first  fully-digital  bias  compensation  loop. 
The  circuit  exhibits  25dB  suppression  of  2nd  order 
distortion. 

I.  Introduction 

Analog  fiber-optic  links  find  applications  ranging 
from  to  antenna  remoting  and  Hybrid  Fiber  Coax 
(HFC)  systems.  For  applications  requiring  wide 
dynamic  range,  Mach-Zehnder  interferometers  are 
commonly  used  for  external  modulation  of  the  laser. 
Biased  at  the  quadrature  point,  even-order  distortion  is 
eliminated  and  only  odd-order  nonlinearities  remain.  In 
such  links,  the  maximum  modulation  depth  is  limited 
by  the  nonlinear  transfer  function  of  the  modulator.  A 
well-known  problematic  feature  of  a  Mach-Zehnder 
modulator  is  slow  drifts  in  the  bias  point  resulting  in 
generation  of  even-order  harmonics. 

Predistortion  of  the  RF  signal  has  proven  to  be  an 
effective  method  for  enhancing  the  dynamic  range  of 
links  employing  Mach-Zehnder  external  modulators 
[1].  The  predictable  sinusoidal  light  vs.  voltage  (L-V) 
characteristic  of  the  modulator  allows  the  design  of 
preconditioning  electronic  circuits  to  compensate  for 
the  modulator  non-linearity.  Previous  work  in  this  area 
relies  mostly  on  discrete  diode-pair  based  circuits  [2]. 
Recently,  we  demonstrated  the  first  monolithic  CMOS 
predistortion  linearization  circuit  [3].  The  circuit 
achieved  17dB  suppression  of  third  order 
intermodulation  products  from  DC  to  1.3  GHz.  The 
experiments  used  an  external  Variable  Gain  Amplifier 
(VGA)  to  match  the  circuit’s  full-scale  range  to  the  Vjt 
of  the  modulator. 

In  this  work,  we  report  a  fully  integrated  linearizer 
which,  in  addition  to  the  predistortion  circuit,  hosts  an 
on-chip  VGA.  The  circuit  exhibits  24dB  of  3rd  order 
intermodulation  distortion  up  to  1.3GHz.  In  addition, 
we  demonstrate  the  first  fully-digital  control  loop  for 
eliminating  the  drift  in  the  dc  bias  point.  The  fully- 


digital  design  uses  a  high  resolution  oversampling  Z-A 
Analog-to-Digital  Converter  (ADC)  and  Digital  Signal 
Processing  (DSP)  and  represents  a  high-performance, 
low-cost  and  robust  solution  for  eliminating  the  bias 
drift  in  Mach-Zehnder  modulators. 

Gain  control 


Fig.  1  Block  diagram  for  the  monolithic  CMOS 
linearizer.  NL:  non  linear;  VG-TIA:  variable  gain 
transimpedance  amplifier. 


II.  Predistortion  Linearizer 

We  first  describe  the  approach  for  synthesizing  an 
arcsin  (odd)  function  using  square  law  CMOS  devices. 
Taylor  series  expansions  of  the  functions  y  -  sin(x) 
and  y  =  arcsin(jc)  are  given  by, 


.  /  \  x  x 

sm(x)  =  x - 1 - K.. 

V  '  6  120 

.  /  \  Jt3  3x5 

arcsm(x)=  x+  —  H - K.. 

V  '  6  40 


(1) 

(2) 


The  design  starts  with  a  current-biased  differential 
transconductance  CMOS  amplifier  exhibiting  the 
following  transfer  characteristic, 


I  =  0VJ  1- 


a 


(3) 


where  /3  =  fi„Cgx  —  and  OC  =  4(FG5  —  VT  )2  .  Here, 
L 

is  the  electron  mobility,  Cox  is  the  oxide  capacitance, 
VT  is  the  threshold  voltage,  and  W  and  L  are  the  gate 
width  and  length,  respectively. 

Equation  (3)  can  be  expressed  in  a  series  of  the  form: 


2  a  8cr 


■  +  ... 


(4) 
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Comparing  with  (2),  an  inversion  in  the  sign  of  the 
cubic  term  is  needed  to  obtain  the  correct  functional 
shape.  This  can  be  realized  by  subtracting  the  output  of 
this  amplifier  from  that  of  a  linear  amplifier  with  gain  k 
(y  =  kx),  Resulting  in, 

y  =  (tc-l)x  +  —  +  (5) 

2a  8a 

Comparing  to  (5),  this  function  can  be  mapped  to  the 

arcsin  function  to  the  fifth  order  term  if  a  =  —  and 

9 


k  = 


32 
5  ' 


These  parameters  can  readily  be  set  by 


appropriate  choice  of  transistor  dimensions  and  bias. 


The  circuit  described  above  is  the  Non-Linear  (NL) 
core  of  the  linearizer  and  is  the  first  stage  in  the  overall 
monolithic  circuit  shown  in  Figure  1.  The  NL  core  is 
followed  by  a  Variable  Gain  Trans-Impedance 
Amplifier  (VG-TIA)  which  provides  the  degree  of 
freedom  required  for  matching  the  full-scale  of  the  NL 
core  to  that  of  the  modulator.  The  buffer  stage  prevents 
bandwidth  reduction  due  to  capacitive  loading  of  the 
output. 


Fig  2  Chip  photo  for  the  linearizer  described  in  Fig.  1 . 

The  circuit,  shown  in  Figure  2,  was  fabricated  in  a  0.35 
|im  CMOS  process.  The  die  measures  1.8  x  0.8  mm2. 
An  optical  link  was  set  up  with  a  1500nm  external 
cavity  laser  driving  the  LiNb03  modulator.  A  single 


Modulation  depth  per  tone  (%) 

Fig.  3  Measured  2-ton  IMP3  vs.  modulation  depth 
per  tone,  at  1.3  GHz. 

tone  test  was  performed  at  60MHz  and  2-tone  tests 
were  performed  at  1.3GHz  and  1.7GHz  to  verify 


linearization  performance.  Figure  3  shows  the 
measured  2-tone  performance  at  1.3  GHz.  The  circuit 
demonstrated  a  maximum  of  24dB  suppression  of  third 
order  distortion.  At  1.7  GHz,  the  suppression  is 
reduced  to  15dB.  Table  1  summarizes  the  linearizer 
performance. 


Supply  Voltage 

3.3  V 

Supply  Current 

130  mA 

Area 

1.8  x  0.8  mm2 

Bandwidth 

2  GHz 

Performance 

@60MHz 

24dB  suppression 

®1.3GHz 

24dB  suppression 

(£>1.7GHz 

15dB  suppression 

Table  1.  Performance  summary. 

The  reduction  in  the  performance  at  high  frequency  is 
due  to  the  finite  circuit  bandwidth.  The  circuit  must 
produce  3rd  order  distortion  terms,  with  correct 
amplitude  and  phase  to  cancel  those  produced  by  the 
modulator.  At  frequencies  close  to  the  -3dB  frequency 
(~  2  GHz)  distortion  tones  produced  by  the  circuit 
suffer  a  phase  shifted  resulting  in  non-ideal  distortion 
cancellation.  In  general,  the  magnitude  and  phase  of 
the  out-of-band  distortion  terms  produced  by  the 
modulator  are  important.  The  nonlinearity  of  the 
modulator  mixes  these  tones  down  into  the  signal  band 
where  they  contribute  to  distortion  cancellation.  From 
this  point  of  view,  a  fixed  arcsin  predistorter  is  not 
ideal  at  high  RF  signal  frequencies.  In  such  cases,  a 
multitone  circuit  where  the  amplitude  and  phase  of 
harmonics  can  be  individually  controlled  may  be 
preferable  [1]. 


III.  Digital  Bias  Control 

To  detect  the  drift  in  the  bias  point  of  the  modulator,  a 
low  frequency  pilot  tone  with  small  amplitude  can  be 
added  to  the  RF  signal  [4J.  Bias  drift  in  the  modulator 
gives  rise  to  even  order  harmonics  of  the  pilot  tone, 
which  can  be  detected  and  used  to  apply  a  correction 
signal  to  the  modulator  bias.  Consider  the  L-V 
characteristic  of  a  Mach  Zehnder  modulator  biased 
approximately  about  the  quadrature  point, 


P  =  P0  sin  — —  sinf&j^r)-!-  =  P0  sin(/nsin(mpr)  +  0) 

s  V*  ) 

(6) 

where  Vin  =  Ap  s\n[a)pt)  is  the  low  frequency  pilot 

tone,  (p  bias  offset  from  quadrature,  and  m  is  the 
modulation  index. 


The  2nd  harmonic  term  harmonic  component,  P2 ,  is 
given  by, 
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P2  =po  ^p0cos(2cy) 


(7) 


Thus  the  amplitude  and  phase  of  the  2nd  harmonic  is 
determined  by  the  bias  offset  term  0  .  This  tone  can  be 
demodulated  and  used  to  generate  a  signal  to  correct 
for  the  bias.  In  previous  implementations,  the 
demodulation,  consisting  of  filtering,  down  conversion 
and  integration,  were  performed  in  the  analog  domain. 
In  our  implementation,  the  entire  processing  is 
performed  in  the  digital  domain  resulting  in  a  high 
performance,  robust,  flexible  and  low  cost  solution. 


RF  Input 


Fig.  4  Block  diagram  of  the  fully-digital  bias 
compensation  loop.  The  loop  employs  a  S-D  ADC 
and  performs  filtering,  down  conversion  and 
integration  of  the  pilot  tone  distortion  in  the  digital 
domain. 


Fig.  5  Second  harmonic  distortion  before  (a)  and 
after  (b)  application  of  the  bias  control  loop.  Over 
25dB  suppression  achieved. 


The  fully-digital  DSP  based  control  loop  is  shown  in 
Figure  4.  At  the  core  of  the  loop  is  a  DSP  processor.  A 
2kHz  pilot  tone  was  applied  to  the  modulator  along 
with  the  RF  input.  The  second  harmonic  distortion 
product  was  sensed  using  a  photodiode  and  a  high- 
resolution  E- A  A/D  converter.  The  digitized  data  is 
processed  by  the  DSP.  We  developed  a  demodulation 
algorithm  based  on  digital  Finite  Impulse  Response 
(FIR)  filter.  The  DSP  generates  a  correction  signal, 
which  is  converted  back  to  analog  using  an  8-bit 
Digital-to- Analog  Converter  (DAC).  This  output  drives 
the  DC  bias  port  of  the  modulator. 

To  test  the  performance  of  the  bias  compensator,  a  bias 
offset  was  intentionally  introduced.  Figure  5  shows  the 


2nd  harmonic  of  the  pilot  tone  before  (a)  and  after  (b) 
the  compensation.  By  correcting  for  the  bias  point 
offset,  the  loop  suppresses  the  2nd  harmonic  tone  by 
25dB.  The  locking  time  of  the  loop  depends  on  the 
initial  bias  offset  and  ranges  from  10  sec  for  an  offset 
of  150mV  to  20  sec  for  400mV  offset.  Because  of  the 
high-resolution  Z-A  ADC  used,  the  loop  is  capable  of 
very  high  degree  of  cancellation.  In  our  experiments, 
the  observed  distortion  suppression  was  limited  by  the 
spectral  purity  of  the  pilot  tone  used. 

IV.  Conclusion 

We  have  presented  a  fully  monolithic  linearization 
circuit  realized  in  the  CMOS  process.  The  circuit 
achieves  24dB  of  IMP3  suppression  at  frequencies  as 
high  as  1.3GHz.  In  addition,  we  demonstrated  the  first 
fully-digital  bias  compensation  loop.  The  loop  exhibits 
25  dB  suppression  of  2nd  order  distortion. 
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ABSTRACT 

We  investigate  the  impact  of  ASE  on  the  phase 
noise  in  LMDS  incorporating  optically  amplified 
transport  links.  ASE  noise  is  found  to  dominate 
and  significantly  increase  the  phase  noise  of  the 
received  rf  signal  after  transmission  over  >  70  km 
of  optical  fibre.  This  effect  is  also  demonstrated  in 
a  transmission  experiment  with  4  MHz  16  QAM 
data  at  28  GHz. 

I  INTRODUCTION 

Millimetre-wave  (mm-wave)  fibre-radio  access 
networks  are  being  considered  for  the  future 
distribution  of  broadband  interactive  services  [1,2]. 
One  particular  example  is  the  local  multipoint 
distribution  service  (LMDS)  which  operates  at  ~28 
GHz  [2].  Optical  fibre  with  its  inherent  advantages 
such  as  low  loss,  large  bandwidth,  and  immunity  to 
electromagnetic  interference,  serves  as  an  ideal 
medium  for  the  distribution  of  the  LMDS  radio 
signals  to  the  remote  antenna  sites.  In  such 
systems,  signal  distribution  as  rf  over  fibre  offers 
the  advantage  of  simpler  antenna  base  station 
hardware,  requiring  only  electronic  amplification 
and  opto-electronic  conversion.  However  fibre 
chromatic  dispersion  can  have  a  severe  effect  on 
the  achievable  signal-to-noise  ratio  (SNR)  of  the 
recovered  radio  signal  [3].  Optical  single-sideband 
with  carrier  modulation  can  reduce  the  SNR 
penalty  [4,5]  however  fibre  chromatic  dispersion 
will  continue  to  introduce  a  phase  decorrelation 
between  the  optical  carrier  and  single-sideband, 
leading  to  an  increase  in  the  phase  noise  of  the 
recovered  mm-wave  signal  [6,7]. 

In  a  fibre-radio  system  incorporating  optical  feed 
networks,  optical  amplification  will  often  be 
required  in  order  to  overcome  losses  associated 
with  fibre  attenuation,  coupling  and  splitting 
losses.  Such  optical  amplifiers  will  then  introduce 
amplified  spontaneous  emission  (ASE)  noise  into 
the  optical  link.  Previously,  the  effect  of  ASE 
noise  from  the  optical  amplifier  on  the  system 
noise  figure  has  been  investigated  [8].  However, 
the  impact  of  ASE  noise  on  the  phase  noise  of  the 
recovered  rf  signal  in  a  fibre-radio  system  has  yet 
to  be  quantified. 


In  this  paper,  we  present  the  first  investigation  of 
the  effect  of  optical  amplifier  ASE  noise  on  the 
phase  noise  of  the  recovered  rf  signal  in  LMDS 
incorporating  an  optical  feed  network.  Our 
experimental  and  theoretical  investigation  shows 
that  ASE  noise  can  cause  a  significant  increase  in 
the  phase  noise  of  the  received  rf  signal  for  long 
fibre  link  lengths.  We  also  demonstrate  the  impact 
of  the  phase  noise  on  the  transmission  of  16  QAM 
modulation  format  data  at  28  GHz  over  optical 
fibre. 

II  EXPERIMENTAL  SETUP 

Fig.  1  shows  the  experimental  setup  for  the  optical 
feeder  link  in  a  LMDS  and  fixed  wireless  access 
system  for  the  transportation  of  rf  signals  at  both 
28  GHz  and  38  GHz  (also  allocated  for  fixed 
wireless  access).  A  1550.1  nm  distributed 
feedback  (DFB)  laser  with  a  linewidth  of  1 0  MHz 
is  used  to  drive  a  dual -electrode  Mach-Zehner 
modulator  (MZM).  The  MZM  is  biased  at 
quadrature  and  the  mm-wave  signal  is  applied  to 
each  electrode  with  a  phase  shift  of  90°  present  in 
one  arm.  This  configuration  produces  optical 
single-sideband  with  carrier  modulation  [4], 
Although  higher  order  harmonics  are  also  present, 


L  km 
SMF 


Fig.  1  Experimental  setup  for  phase  noise  measurements  with 
frl=  28  GHz  and  38  GHz 
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these  components  are  negligible  relative  to  the  first 
order  modulation  sideband. 


assuming  the  optical  source  has  a  Lorentzian 
power  spectral  lineshape  [9]: 


The  optical  signal  is  then  transported  over  L  km  of 
single-mode  fibre  (SMF)  before  it  is  detected  using 
a  high-speed  photodetector  (PD).  An  erbium- 
doped  fibre  amplifier  (EDFA)  was  incorporated  in 
the  link  in  order  to  compensate  for  coupling  losses 
and  fibre  attenuation  to  maintain  a  constant 
received  average  optical  power  at  the  PD.  After 
the  fibre  link,  the  detected  mm-wave  signal  was 
amplified  using  a  low-noise  amplifier  (LNA)  and 
the  phase  noise  measured  using  the  phase  noise 
utility  of  a  40  GHz  rf  spectrum  analyser 
(HP9564E).  The  resulting  rms  phase  jitter  of  the 
mm-wave  signal  was  then  obtained  for  a  1  MHz 
integration  bandwidth. 

Fig.  2  shows  the  measured  rms  phase  noise  of  the 
detected  signal  at  28  GHz.  Also  shown  in  Fig.  2  is 
the  measured  rms  phase  noise  for  a  frequency  of 
38  GHz.  The  measurements  show  that  the  phase 
error  first  increases  gradually  with  fibre  length 
until  a  certain  distance  ( L  ~  70  km)  whereupon  the 
phase  error  increases  much  more  rapidly.  The 
higher  rms  phase  error  obtained  for  the 
transmission  of  38  GHz  over  fibre  can  be  attributed 
to  the  higher  phase  noise  of  the  rf  drive  electronics 
at  38  GHz  and  also  the  different  optical  link  gain 
required  to  maintain  a  constant  received  average 
optical  power. 

Ill  PHASE  NOISE  MODEL  DEVELOPMENT 

In  order  to  explain  the  phase  noise  measurements 
of  Fig.  2,  an  analytical  model  of  the  system  was 
developed.  The  optical  single-sideband  signal 
from  the  MZM  can  be  represented  mathematically 
by: 

eoui  (0 = v/[  w(,)1  +  V  W/o+/>*(')J  (i) 

where  A0  and  A,  are  the  amplitudes  of  the  optical 
carrier  and  the  first  order  sideband,  f0  is  the  optical 
frequency,  frf  is  the  modulating  rf  frequency  and 
6(t)  represents  the  phase  fluctuations  of  the  optical 
source.  As  the  optical  signal  propagates  along  a 
dispersive  fibre  link,  the  carrier  and  the  sideband 
experience  a  differential  propagation  delay,  X,  as  a 
result  of  fibre  chromatic  dispersion  where  [6,7] : 

X  =  DL— frf  (2) 

c 

In  Eqn.  2,  D  is  the  fibre  dispersion  parameter,  L  is 
the  fibre  transmission  length,  c  is  the  speed  of  light 
in  a  vacuum,  and  A  is  the  wavelength.  The 
differential  delay  results  in  a  phase  decorrelation 
between  the  two  optical  signals  which  leads  to  an 
increase  in  the  phase  noise  of  the  recovered  mm- 
wave  signal  at  the  receiver  [6,7]. 


2Av 


¥ 


where  Av  is  the  linewidth  of  the  optical  source. 
The  amount  of  propagation  delay-induced  phase 
noise  can  be  quantified  using  a  root-mean-square 
(rms)  phase  error,  aae,  as  expressed  by  [6]: 


=  J  SAg{f)df  1 

V  o  for  Be«  - 

X 


(4) 


■JlnAvx  2Be 


where  Be  is  the  electrical  noise  bandwidth. 
Assuming  the  noise  contributions  within  the  link 
are  independent,  the  total  contributions  to  the  rms 
phase  noise  of  the  detected  mm-wave  signal,  (Tank, 
can  be  expressed  as: 

<*link  =4Cle  +°2o,ker  (5) 

where  a, ),her  is  the  rms  phase  error  arising  from 
other  noise  contributions.  aolher  can  be  measured  at 
L  =  0  km  and  it  is  assumed  to  be  constant  for  all 
fibre  lengths.  Using  (4)  and  (5)  with  D  =  17 
ps/km.nm,  c  =  3  x  10s  m/s,  A  =  1550.1  nm,  Be=  1 
MHz,  and  Av  -  10  MHz,  the  predicted  is 
plotted  in  Fig.  2  for  rf  frequencies  of  both  28  and 
38  GHz.  It  can  be  seen  that  while  the  theory 
matches  the  measured  values  of  phase  error  for 
smaller  fibre  lengths,  the  predicted  Gn„k  does  not 
agree  with  experiment  as  L  increases.  The 
measurements  show  that  the  rms  phase  noise 
increase  rapidly  for  L  >  70  km  while  aljnk  increases 
only  very  gradually  with  fibre  length.  This 
suggests  that  delay-induced  phase  noise  is  not  the 
dominant  noise  contribution  in  the  link  which  leads 
us  to  investigate  the  effect  of  the  EDFA  ASE  noise 
contribution. 


□  □  Measured  (f  -  38  GHz) 
*  *  Measured  (f  =  28  GHz) 
--  Predicted  (f -  38  GHz) 
Predicted  (f=  28  GHz) 


□  □  a  □ 


40  80 

Fibre  Length  (km) 


The  phase  noise  of  the  recovered  mm-wave  signal  Fig.  2  Measured  and  predicted  rms  phase  error  of  the 

has  the  following  phase  fluctuation  spectrum  recovered  mm-wave  signal  for  frf  =  28  GHz  and  38  GHz 
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When  the  gain  of  the  EDFA  is  increased  to 
compensate  for  losses  in  the  fibre  link,  the  ASE 
noise  increases  in  a  similar  manner.  The  ASE 
noise  contribution  from  the  optical  amplifier  is 
converted  to  signal-spontaneous  and  spontaneous- 
spontaneous  beat  noise  in  the  rf  domain.  The 
overall  ASE  noise  can  therefore  be  approximated 
from  the  measured  phase  noise  of  the  received  rf 
signal.  It  is  assumed  that  the  phase  noise  at  offset 
frequencies  from  the  carrier  of  more  than  1  MHz  is 
dominated  by  ASE.  The  ASE  rms  phase  noise 
contribution,  oASE,  can  then  be  approximated  from 
the  following  expression  [10]  using  the  measured 
phase  noise  at  1  MHz  offset  from  the  carrier,  (pIMH2 
in  dBc/Hz: 


Using  Eqn.  6,  the  predicted  rms  phase  noise  for  the 
detected  mm-wave  signal  is  now  given  by: 


Fig.  3  shows  the  measured  and  predicted  rms  phase 
noise  (obtained  from  Eqn.  7)  for  both  28  and  38 
GHz.  The  predicted  phase  jitter  shows  good 
agreement  with  the  measured  results  which 
indicates  that  ASE  noise  from  the  EDFA  in  the 
link  is  the  dominant  contribution  to  the  phase  noise 
of  the  detected  mm-wave  signal.  When  the  length 
of  the  fibre  link  is  increased,  the  EDFA  gain  must 
also  be  increased  which  leads  to  an  increase  in  the 
ASE  noise  within  the  optical  link.  This  explains 
the  rapid  increase  in  the  rms  phase  noise  of  the 
received  mm-wave  signal  as  the  fibre  transmission 
length  increases.  Similar  results  were  obtained 
when  a  different  EDFA  was  incorporated  into  the 
link. 


Fibre  Length  (km) 


Fig.  3  Measured  and  predicted  rms  phase  error  including 
EDFA  ASE  noise  for  frf  =  28  GHz  and  38  GHz 


IV  TRANSMISSION  EXPERIMENT 


L  km 
SMF 


Fig.  4  Experimental  setup  for  the  transmission  of  4  MHz  16 
QAM  at  28  GHz  over  L  km  of  SMF 


The  phase  noise  of  the  detected  rf  signal  has  been 
shown  to  have  a  significant  impact  on  system 
performance  when  transmitting  data  in  higher 
order  modulation  formats  [6].  To  investigate  the 
effect  of  ASE  on  system  performance  when 
transmitting  higher  order  modulation  format  data  at 
mm-wave  frequencies  in  an  optically  amplified 
link,  we  demonstrate  the  transmission  of  4  MHz  1 6 
QAM  data  at  28  GHz  over  various  fibre  lengths. 
Fig.  4  shows  the  experimental  setup.  4  MHz  16 
QAM  data  at  an  intermediate  frequency  of  1  GHz 
is  upconverted  to  28  GHz  using  a  mm-wave 
balanced  mixer  in  conjunction  with  a  28  GHz 
oscillator.  The  modulated  28  GHz  signal  is 
applied  to  a  dual-electrode  MZM  generating 
optical  single-sideband  modulation.  The  optically 
modulated  signal  is  then  transported  over  0,  50  and 
96  km  of  SMF  before  the  16  QAM  data  is 
recovered  using  appropriate  carrier  and  data 
recovery  circuits. 

The  impact  of  the  increased  phase  noise  on  the 
recovered  data  is  evident  in  Fig.  5  which  shows  the 
recovered  constellation  of  the  16  QAM  data  for 
transmission  over  0  km,  50  km  and  96  km  of  fibre. 
Also  plotted  in  Fig.  5  is  the  measured  rms  phase 
error  of  the  detected  28  GHz  signal.  The 
constellation  of  the  received  data  after  transmission 
over  96  km  of  SMF  is  significantly  dispersed 
which  indicates  an  increase  in  the  system  noise  and 
degraded  system  performance.  This  is  as  expected 
and  correlates  with  the  measured  nns  phase  noise 
which  is  higher  for  longer  fibre  lengths  due  to 
EDFA  ASE. 

V  CONCLUSIONS 

We  have  investigated  experimentally  contributions 
to  the  phase  noise  of  the  recovered  rf  signal  in 
LMDS  incorporating  an  optically  amplified  feed 
network.  We  have  established  experimentally  and 
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analytically  that  ASE  noise  from  the  optical 
amplifier  within  the  optical  link  dominates  the 
phase  noise  of  the  received  rf  signal  for 
transmission  over  >  70  km  of  fibre  and  leads  to  a 
significant  increase  in  the  rms  phase  error.  This  in 
turn  leads  to  degraded  system  performance  when 
transmitting  higher  order  modulation  formats. 
These  results  have  great  significance  for  the  design 
of  fibre-fed  mm-wave  fibre-radio  systems  where  it 
is  essential  that  the  link  gain  is  carefully  tailored  in 
order  to  minimise  the  impact  of  ASE  noise  on  the 
recovery  of  the  wireless  data. 
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Abstract 

A  technique  to  control  the  transmission 
properties  of  arrays  doped  in  silicon  is 
described.  Photonic  excitation  creates  plasma, 
which  alters  array  performance.  This  can  be 
controlled  using  optical  masks  and  the 
resonant  frequency  can  be  tuned. 

Introduction 

We  have  developed  a  technique  whereby  we 
fabricate  millimetre  wave  antenna  arrays 
within  a  high  resistivity  (p>6  k£2cm) 
semiconductor  (silicon)  substrate  by  means  of 
depositing  the  resonant  elements  as  heavily 
doped  regions  within  the  base  structure. 
Depending  on  the  dopant  concentration,  these 
areas  then  behave  essentially  as  conducting 
regions  and  the  entire  array  behaves  in  a 
similar  fashion  to  a  conventional  frequency 
selective  surface  (FSS)  [1], 

When  the  substrate  is  illuminated  by  an  optical 
source  of  a  suitable  wavelength,  the 
photoconductive  nature  of  the  silicon  [2,3] 
enables  the  array  performance  to  be 
manipulated  and/or  controlled.  In  this  paper 


we  present  results  that  demonstrate  changes  in 
the  performance  of  arrays  of  conducting  patch 
and  dipole  elements.  When  these  arrays  are 
illuminated  by  a  microwave  plane  wave,  in  the 
range  16-40  GHz,  they  exhibit  resonances 
which  are  dependent  on  the  dimensions  of  the 
elements  involved  and  on  the  lattices  on  which 
they  are  arranged.  When  they  are  photonically 
excited,  however,  we  are  able  to  remove  the 
resonant  effect  and  also,  by  the  use  of  a  mask, 
to  change  the  resonant  frequency. 

Doping  of  arrays 

The  doping  of  a  high  resistivity  wafer  enables 
an  array  pattern  to  be  created  within  it.  The 
dopant  is  generally  boron  or  phosphorous, 
depending  on  the  particular  type  of  doping  (n 
or  p)  that  is  required  for  the  application  being 
considered.  Whilst  virtually  any  pattern  may 
be  printed  there  is  a  limit  to  the  depth  into  the 
silicon  that  the  dopant  will  penetrate,  although 
the  very  high  free  carrier  concentrations  that 
are  obtained  mean  that  this  does  not  pose  a 
significant  problem  at  our  microwave 
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frequencies.  The  process  employed  in  this 
case,  to  dope  only  certain  parts  of  a  wafer, 
involves  the  implantation  of  Boron  atoms  into 
the  silicon.  The  dopant  is  implanted  using  a 
high  temperature,  solid  source  technique.  This 
creates  areas  of  (near  metallic)  low  resistivity, 
which  contrast  with  the  surrounding  high 
resistivity  (undoped)  regions.  The  doped 
regions  then  behave  similarly  to  the 
conducting  portions  of  a  conventional  FSS 
when  a  plane  wave  is  incident  upon  the  array. 
In  order  to  achieve  the  doping,  a  mask  firstly 
needs  to  be  made  in  the  form  of  an  image  of 
the  pattern  to  be  implanted.  The  mask  is  made 
of  a  ceramic  material  to  enable  it  to  withstand 
the  high  temperatures  involved  in  the  process. 
The  mask  is  then  fused  with  the  dopant,  which 
is  transferred  to  the  silicon  by  a  solid  source 
contact  technique  in  a  furnace  operating  at  a 
temperature  of  up  to  1000°C.  The  dopant 
atoms  gradually  diffuse  into  the  silicon  and 
have  a  maximum  penetration  of  about  10  pm. 
At  the  surface  of  the  silicon  the  solid  solubility 
(free  carrier  concentration)  of  the  dopant  is  in 
the  region  of  1019  -  1021  cm'3.  (However,  this 
is  at  the  surface  only  and  decreases  as  the 
dopant  penetrates  further  into  the  silicon).  This 
concentration  is  sufficient  to  enable  the  doped 
array  to  act  as  a  conventional  FSS,  albeit  with 
a  relatively  thick  (300  pm)  dielectric. 

Measurement  set  up 

Plane  wave  transmission  measurements  have 
been  performed  in  the  range  16-40  GHz.  The 
system  uses  a  swept  signal  generator  in 
conjunction  with  a  scalar  network  analyser  and 
a  pulsed  Xenon  source  which  emits  primarily 
in  the  near  IR  (800-1000  nm).  The  entire 
system  is  synchronised  so  that  a  measurement 
is  taken  for  every  frequency  of  the  sweep 
range  (dependent  on  the  resolution),  and 
ensures  that  each  measurement  is  sampled 
when  the  output  of  the  source  (duration  =  5 
ms)  is  at  its  maximum  intensity.  This  enables 
us  to  measure  the  silicon  samples  when  the 
photoconductivity  is  a  maximum  also. 


Fig.  1.  Performance  of  a  doped  dipole  array  under 
photonic  excitation 

Doped  dipole  array 

Fig.  1  shows  the  transmission  response  of  a 
doped  array  of  dipole  elements  having  a  length 
of  1.8  mm,  width  0.2  mm  and  on  a  square 
lattice  of  periodicity  2.5  mm.  The  elements  are 
modelled  by  means  of  a  plasma  density  of 
2xl018  cm'3  to  a  depth  of  10  pm.  The  cases 
illustrated  are  both  dark  and  illuminated,  and 
the  response  of  a  bare  wafer  is  included  for 
reference.  In  the  dark  state  the  array  resonates 
close  to  36  GHz  and  it  can  be  seen  that  the 
measured  and  predicted  results  are  in  good 
agreement  showing  that  the  doped  array 
behaves  as  expected.  When  the  optical  source 
is  activated,  however,  the  plasma  layer  that  is 
formed  by  the  photonic  activity  has  a  marked 
effect  on  the  transmission  response.  The 
resonance  that  was  at  36  GHz  has  disappeared 
and  there  is  essentially  a  “switching  off’  of  the 
response  across  the  range.  A  predicted  curve 
for  the  “off’  state  is  also  included  on  the  graph 
and  was  produced  by  modelling  the  elements, 
as  previously  described,  together  with  a  layer 
of  “dark”  silicon  (8^1 1.8)  of  100  pm  and  a 
further  layer  of  induced  plasma  (concentration 
1.8xl015  cm'3)  of  200  pm.  The  overall  results 
tie  in  quite  well  and  it  is  noticeable  that,  at  low 
frequencies,  the  measured  silicon  demonstrates 
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Fig.  2.  Distribution  of  incident  power  by  a 
phonically  excited  doped  dipole  array 


Fig.  3.  Performance  of  a  doped  patch  array 
under  photonic  excitation 


a  significant  increase  in  the  attenuation  which 
is  attributable  to  dissipation  within  the  silicon 
[4].  The  level  of  dissipated  power  is  shown  in 
Fig.  2.  This  clearly  shows  the  effect  of  the 
plasma  on  the  transmission  through  the  array, 
and  demonstrates  that  although  the 
microwaves  are  largely  prevented  from 
penetrating  right  through  the  device,  about 
40%  of  the  incident  energy  is  actually 
dissipated  within  the  silicon.  In  fact,  using  the 
configuration  described  above  we  need  to 
increase  the  concentration  level  of  the  plasma 
region  to  over  1019  cm'3  in  order  to  reduce  the 
dissipation  below  10%  across  the  range.  This 
arises  due  to  the  inherently  lossy  nature  of  the 
plasma  itself,  and  can  also  be  seen  from  the 
modelling  of  it  as  a  complex  permittivity  [5]. 

Doped  patch  array 

A  separate  study  was  carried  out  using  an 
array  consisting  of  doped  patch  elements.  The 
square  dimensions  of  the  patches  are  3mm  and 
the  are  arranged  on  a  5mm  square  lattice.  Once 
again  they  are  modelled  as  a  plasma  of 
concentration  2xl018  cm"3  and  a  depth  of 
10  pm.  The  performance  of  this  array  in  the 
dark  state  and  under  illumination  is  shown  in 
Fig.  3.  In  the  dark  state  there  is  a  strong 
resonance  at  32  GHz,  which  is  associated  with 
the  element  dimensions  and  further  periodic 


effects  above  36  GHz,  and  these  have  been 
accurately  predicted  by  our  model.  Under 
illumination,  however,  there  is  a  similar 
transformation  to  that  of  the  dipole  case 
insofar  as  the  resonance  and  periodic  effects 
are  removed  due  to  the  layer  of  plasma  that 
has  been  induced  by  the  photonic  activity.  This 
indicates  that  we  are  able  to  turn  on  and  off  the 
resonance  of  the  doped  array,  but  by  placing  a 
negative  image  mask  of  the  array,  (Fig.  4),  in 
front  of  the  patches  we  are  able  to  move  the 
resonance  from  its  initial  position  at  32  GHz. 


Fig.  4.  Negative  image  mask  of  a  patch  array 
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The  action  of  the  negative  image  mask  is  to 
expose  the  doped  patches  themselves  to  the 
incident  radiation.  The  effect  of  this  is  that  the 
photons  diffract  around  the  edges  of  the  clear 
regions  of  the  mask,  and  around  the  edges  of 
the  plasma  to  form  a  “pool”  of  plasma  around 
the  doped  areas.  Effectively  this  increases  the 
size  of  the  patch  elements  and  consequently 
reduces  the  resonant  frequency  of  the  array. 


frequency,  GHz 


Fig.  5.  Altering  the  resonance  of  a  doped  patch 
array  using  a  negative  image  mask 


performance  of  a  pre-formed  doped  array  by 
means  of  photonic  excitation.  We  have  used  a 
Xenon  lamp  and  a  synchronised  measurement 
system  to  turn  of  the  resonant  effects  of  doped 
arrays  of  dipole  and  patch  elements  and  have 
also  been  able  to  move  the  resonance  of  the 
patch  array.  The  formation  of  the  plasma  has 
enabled  us  to  control  the  plane  wave 
microwave  transmission  responses  of  such 
stmctures  when  they  are  set  into  a  high 
resistivity  silicon  wafer. 
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Abstract  Various-depth  field  descriptions  and  their  use 
are  summarized.  Effects  in  optical  links  are  investigated 
being  of  particular  importance  if  QAM  microwave  signals 
are  transmitted.  In  this  framework  modulator-induced 
nonlinear  distortion,  IBPD  (In  Band  Power  Difference)  and 
fiber  nonlinear  refraction  effects  are  discussed. 

1.  Introduction 

One  of  the  most  spectacular  trends  in  present  day 
telecommunications  is  the  development  of  wireless 
networks.  The  required  increase  of  overall  capacity  and 
need  of  the  individual  users  requires  the  application  of 
smaller  cells1,  of  new  frequency  bands2  (such  60  GHz)  as 
well  as  of  more  sophisticated  modulation  systems3.  (QAM 
or  TCM.)  Analog  optical  links  transmitting  modulated 
microwaves/millimeter  waves  (MW/MMW)  are  well 
known  to  be  suited  to  solve  problems  related  to  the  first 
two  of  these:  their  loss  is  rather  low,  their  bandwidth  is 
high  and  so  they  are  well  applicable  as  access  links 
connecting  the  CS  (Central  Station)  to  the  BSs  (Base 
Stations).  Many  problems  emerging  in  these  links  are 
discussed  in  detail  and  several  operating  experimental 
systems  are  reported.  These  problems  include  -  among 
others  -  link  insertion  loss  and  noise  figure4,  effects  of 
fiber  dispersion5  and  fiber  birefringence6.  Different  depth 
of  approach  is  needed  in  dealing  with  these,  based  on 
investigation  of  optical  intensity,  of  optical  field  and  of 
optical  field  vectors,  respectively.  One  purpose  of  the 
present  paper  is  to  summarize,  various  models  of  these 
links.  On  the  other  hand  not  too  much  attention  is  paid  to 
particular  problems  arising  if  QAM  rather  than  PSK  or 
MSK  modulation  schemes  are  applied  in  the  RF 
transmission.  QAM  transmission  and  its  coded  version 
TCM  is  much  more  sensitive  to  linear  and  nonlinear 
distortion  and  to  carrier  phase  noise  as  PSK  or  MSK  -  see 
e.g.  7;  as  far  as  known  by  the  authors  there  are  only  a  few 
papers  reporting  on  QAM  transmission  (e.g.8)  but  even 
these  do  not  analyze  the  link  from  this  point  of  view.  The 
second  and  main  purpose  of  this  paper  is  to  investigate 
some  of  these  problems. 

The  organization  of  the  paper  is,  as  follows:  in  section  2 
models  of  the  microwave/fiber  optic  links  are  discussed 
applicable  for  the  determination  of  various  link 
characteristics.  Section  3  deals  with  the  effect  of  modulator 
nonlinearities;  penalty  in  signal  energy  is  determined.  In 
section  4  linear  distortion  is  investigated  and  its  effect  on 
QAM  is  determined.  Section  5  deals  with  one  of  the 
nonlinear  effects  of  an  optical  fiber  i.e.  nonlinear 
refraction.  Conclusions  are  drawn  in  section  6. 

2.  Models  of  microwave  fiber-optical  links 
Several  models  are  available  to  describe  MW/MMW 
optical  links.  In  the  simplest  model  incoherent  optical 
working  regime  is  assumed.  The  E/O  converter  (either  a 
direct  modulated  laser  diode  or  an  external  modulator) 


transforms  the  electrical  signal  into  the  optical  domain.  In 
this  way  modulating  MW  signal  is  converted  into  optical 
intensity.  L  km  of  fiber,  optical  connectors,  couplers  and 
splices  introduce  attenuation.  Finally,  the  photodetector 
reconverts  the  optical  intensity  into  electrical  power. 
Although  this  incoherent  model  of  IM/DD  links  is  well 
discussed  in  the  literature  it  presents  some  fundamental 
limits  since  in  this  model  the  phase  states  of  the  optical 
carrier  and  the  sidebands  are  not  taken  into  account. 

Exact  explanation  of  chromatic  and  polarization  mode 
dispersion  (PMD)  problems  requires  a  more  detailed  model 
where  the  calculation  is  based  on  the  optical  field  and  not 
on  intensity.  Since  phase  state  of  the  optical  field  has  a  role 
in  the  model  we  can  refer  this  as  coherent  model  of  an 
IM/DD  optical  link.  Fig.l  shows  the  detected  power  level 
after  optical  transmission  as  calculated  by  such  a  coherent 
model.  The  incoherent  model  would  not  account  for  the 
transmission  zeros. 


Fig.  1 .  Detected  level  of  the  optically  transmitted  fundamental 
MW  signal  vs.  modulation  frequency  fRF  and  fiber  length  L 
The  coherent  model  is  also  suitable  to  estimate  harmonic 
levels  of  the  MW  modulation  signal  generated  in  the 
optical  path.  Considering  an  MW  fiber-optic  link  besides  of 
the  optical  transmitter  and  the  receiver,  the  optical  fiber 
itself  induces  harmonics;  this  is  due  to  dispersion.  As 
shown  in  Fig.2  exact  modeling  of  harmonic  generation 
requires  a  calculation  based  on  the  optical  field  instead  of 
on  a  purely  intensity  basis. 

The  coherent  model  can  further  be  extended  to  deal  with 
polarization  effects  based  e.g.  on  the  Jones-calculus. 
Polarization  coupling  and  PMD  problems  can  be  discussed 
as  well  if  the  optical  field  is  written  in  vectorial  form 
composed  of  orthogonal  polarization  components  and 
optical  transfer  functions  are  replaced  by  transfer  matrices. 
Lastly,  without  entering  into  details  it  is  mentioned  that  in 
some  cases  (especially  for  long  haul  links)  the  above 
described  field-vector  based  deterministic  model  should  be 
accomplished  with  a  statistical  model  when  such  effects  as 
phase  noise,  aging,  temperature  dependence  mechanical 
stress  cannot  be  neglected. 

In  what  follows  the  second  of  these  i.e.  the  deterministic, 
scalar,  coherent  model  will  be  used. 
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Fig.  2  Levels  after  20  km  fiber:  coherent  &  incoherent  results 

3.  Effect  of  the  distortion  caused  by  a  Mach- 
Zehnder  modulator 

To  investigate  the  effect  of  this  distortion  on  QAM 
transmission  the  complex  envelope  representation  of  the 
signal  will  be  applied  (this  would  not  be  appropriate  e.g.  in 
determining  carrier  harmonics).  Assume  a  situation  in 
which  an  M-QAM-modulated  RF  carrier  modulates  light 
intensity.  It  is  well  known9  that  the  output  optical  field- 
strength  of  the  modulator  is  a  distorted  replica  of  the 
modulating  voltage.  Operating  in  the  quasi-linear  regime  of 
the  modulator  (i.e.  applying  a  bias  of  VJ2  with  Vn  the 
voltage  causing  a  phase  shift  of  7t)  and  applying  a 
photodetector  at  the  output  of  the  modulator,  complex 
envelope  of  the  output  signal  (i.e.  of  the  detected 
photocurrent)  can  be  written  as 

— j —  =  [l  -  sin[mXwMf  -  kT)(ak  cos  coct  -  qk  sinrycf)jj 

=  jl  -  sin[mRe  ~  kT)Akem  e7®1']}  (1) 

with  I0  the  average  photo-current; 

m=u07J/Vn  and  u0  the  rms  amplitude  of  the  modulating 
voltage; 

ak ,qk  =  =  1,2,...Vm/2  • the  in-Phase  and 

4m  -i 

quadrature  components  of  symbol  #  ^respectively; 

Ak  and  (pk  the  corresponding  amplitude  and  phase, 
b(t)\hz  pulse  waveform. 

As  seen  only  for  very  low  m  is  this  a  detected  linear 
modulation;  however,  if  m«l  must  be  kept,  dynamic  range 
of  the  link  is  very  low;  on  the  other  hand  the  signal  will  be 
distorted  if  m  is  increased.  In  order  to  get  a  dynamic  range 
as  high  as  possible  it  is  of  high  importance  to  determine: 
what  is  the  maximum  of  m  resulting  in  a  tolerable  increase 
of  error  probability. 

Fortunately  the  sinusoidal  nonlinearity  is  a  rather  tractable 
one.  Its  describing  function  T(u0)  (i.e.:  ratio  of  the  output 
signal  fundamental  harmonic  to  the  input  sinusoid)  can  be 
given  as 

2Ji(V2 nu0/V„)  (2) 

42nu0/V„ 
with  J(.)i  the  first-order  Bessel  function. 

Further  MQAM  symbol  error  probability  (if  additive  white 
gaussian  noise  is  the  only  disturbing  effect)  is  given  as7 


with  d  the  distance  of  signal  vectors  from  the  closest 
decision  boundary  in  the  signal  space; 

N0  the  additive  noise  spectral  density; 

Epeak  the  peak  energy  of  the  signal  constellation. 

As  an  effect  of  the  nonlinearity  the  peak  energy  will  be 
decreased  by  a  factor  T(u0?\  as  a  consequence,  distance  d 
will  be  decreased  too  but  -  except  in  the  case  of  QPSK  - 
much  more  than  the  energy  (see  Fig.  1).  Thus  a  (rather 
tight)  bound  of  the  penalty  in  signal  energy  due  to  the 
nonlinearity  of  the  optical  modulator  is 


Fig.  1  Constellation  diagram  showing  distortion  effect  on 
the  highest  amplitude  signal  vector 
In  Fig.  2  computed  magnitudes  of  this  loss  are  shown. 


4lU0n  /VM 


Fig.  2 

Computed  loss  due  to  modulator  nonlinearity  in  4-,  16-,  64- 
and  256QAM 

4.  Linear  distortion  induced  by  fiber  dispersion 

A  secondary  effect  of  loss  due  to  fiber  dispersion  is  IBPD: 
loss  is  not  constant  in  the  frequency  band  of  the  signal. 
This  may  cause  a  much  higher  increase  in  error  probability 
than  dictated  by  the  decrease  of  E/N0- 
To  go  into  details:  complex  envelope  of  the  optical  field 
strength  at  point  z=0  of  a  fiber  can  be  written  as 

,(o,o=v^[i+^7mWcos^Ho=^s(i)4^^-^) 

Fundamental  harmonic  and  the  constant  term  is  only  of 
interest;  so  we  can  write: 

5(0,  f)  =  1/^'[l  +  yJ0(m(0)-2J1(m(/))cosrucr  +  HH]  =  (5) 

=  s[Po[l  +j-  m{t)  coscoct  ] 


with  HH:  higher  order  harmonics  of  C0c. 

The  approximation  is  justified  as  -  as  shown  in  section  3  - 
in  order  to  keep  the  loss  due  to  distortion  low,  m  must  be 
kept  rather  low.  But  then  the  distortion  of  the  waveform 
can  be  neglected. 

The  phase  constant  of  the  (standard)  fiber  is  given  as 

P  =  /30+/31(a)-co0)+&-(co-co0)2  (6) 

with  pi=d'/3/do)\  i=  1 ,2 ;  P2*0 
cd0  the  optical  angular  frequency. 
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Thus  the  field-strength  at  point  z  of  the  fiber  can  be  written 
as10 


j  z 


u(z,T);T  =  t- 


(7) 


with  vg=ll/3J  the  group  velocity  and 
or  the  attenuation  constant. 

Then  it  is  u{z,f)  what  characterizes  the  signal  distortion 
while  propagating  along  the  fiber: 

(8) 


«(z,r)  =  F  1  jt/(0,ru)exp 


j^co2 
2 

(F1:  inverse  Fourier- transform;  f/=F{w}) 

The  detected  photo-current  is  proportional  to  |u|2'. Assume 
first  that  u(z=0,f)  is  the  unmodulated  carrier  (or  any  other 
sinusoid  with  to  =  (Dc);  then 
4un 


--jj  +  DC  +  2nd  harm  ^ 
So  a  “modulation  transfer  function”  can  be  defined: 


|«(z,r)|2  =  ^-cosiy,.rcos| 


K{z,(o)  =  flcolJ^-co2  -yN);  a  = 


(10) 


K(z,co) 


and  with  that  the  detected  photo-current  is: 


lRF\^f 


7  COSftLTCO! 


I&iLa,'- 4  <U) 


‘Mb-r-.-x  2  -  4 

m[  Lf ,  r)  =  F'1  j Lf , co) .  M{0, ru)} 
with  Lythe  length  of  the  fiber 

M(0,(o)  the  Fourier-transform  of  m(0,t)  and 
a  the  loss  at  (z,cd). 

In  Fig.  5  simulated  error  probability  vs.  E/N0  is  shown  with 
a  selected  coc.  and  Lf  .Note  the  increase  of  the  error 
probability  due  to  the  linear  distortion. 

Analyzing  (11)  an  approximate  formula  can  be  derived  for 
IBPD: 


IBPD  =  201g[l  +  ^Lf{a,cor )o)2 ^(co  =  coc)-lB/ fc]  (* la) 

with  a \  any  appropriate  reference  angular  frequency, 

Lfa,  of)  the  fiber  length  corresponding  to  a  at  co, 

B  the  signal  bandwidth. 

Note:  IBPD  is  significant  if  relative  bandwidth  is  high  and 
a  is  also  rather  high. 
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Fig.  3  Effect  of  fiber  dispersion  on  the  error  probability  of 
64  QAM;/C=5  GHz,  £=200  MHz 
As  it  is  known  one  countermeasure  to  fiber-dispersion 
induced  loss  and  linear  distortion  is  the  application  of 
single-sideband  modulation6.  In  this  case  -  by  an  analysis 
similar  to  the  above  -  it  can  be  shown  that 

K(z,co)  =  e\  p 


Ihlco2 

2 


(12) 


thus  there  is  no  loss  due  to  dispersion  but  (in  principle) 
there  is  a  frequency-linear  group  delay  distortion. 
Magnitude  of  this  is  in  most  cases  negligible. 

5.  Effect  of  fiber  nonlinear  refraction 


Optical  field-dependent  character  of  the  refraction  index 
results  in  nonlinear  phase  shift  as  the  signal  propagates 
along  the  fiber10  -  called  SPM,  Self  Phase  Modulation. 
This  phenomenon  is  widely  discussed  in  the  literature 
(see10  and  the  references  therein),  taking  mainly  optical 
pulse  propagation  into  account.  As  far  as  known  by  the 
authors  effects  on  optical  fields  modulated  by  microwave 
signals  carrying  digital  modulation  was  not  yet  discussed. 
In  what  follows,  nonlinearity  only  is  taken  into  account,  i.e. 
the  joint  effects  of  that  and  dispersion  are  not  touched.  So 
the  results  can  be  regarded  as  valid  in  the  1,3  pm  band  or  at 
1,55  pm  in  dispersion-shifted  fibers.  I.e.  close  to  the  zero- 
dispersion  point  of  the  fiber. 

Nonlinear  effects  can  be  of  interest  and  need  to  be 
investigated,  as  there  is  an  attempt  to  increase  the  optical 
power.  The  first  reason  for  increasing  optical  power  is  that 
the  gain  of  the  optical  microwave  link  is  proportional  to  the 
optical  power  if  an  external  modulator  is  applied4  (this  is 
not  the  case  in  direct  modulation  of  the  laser),  the  second  is 
the  availability  of  high  power  lasers.  Ref.  11  for  example 
reports  on  the  application  of  225  mW,  although  at  a  rather 
low  RF. 

As  it  is  discussed  e.g.  in  I0,  nonlinear  phase  shift  due  to 
SPM  at  point  z  of  the  fiber  is 


®NL  ~  |“(°>  r)|  •  j  ^  I  LNL  ~  —  I  t-eff 

lnl  oq 


\-e 


(13) 


and  consequently 

«(z,r)  =  «(0,r).exp[;<PA,jL(z,r)] 


(14) 


here  y  is  the  power-dependent  part  of  the  phase  constant  of 
the  fiber;  it  can  be  taken  as  SW  'km'1; 

Lnl  is  the  nonlinear  length  characteristic  to  the  fiber 
length  above  which  nonlinear  phenomena  can  be  of 
significance; 

P0  is  the  peak  optical  power  at  z=0; 

oris  the  attenuation  constant  of  the  fiber;  0,25  dB/km 
=.0575  Np/km  can  be  taken  for  1300  nm; 

zeff  is  the  effective  length-,  note  that  zeJff  1/or. 

As  seen  in  (14),  i.  optical  carrier  will  be  chirped  due  to 
SPM  but  ii.  this  will  have  no  effect  on  link  performance  if 
light  is  modulated  by  the  (modulated)  RF  carrier,  as 
|w(z,  z)[2=|m(0,z)|2. 

The  situation  is  completely  different  in  remote  heterodyned 
links.  Various  concepts  of  this  type  of  transmission  are 
listed  e.g.  in  5.  Basic  operating  principle  of  each  of  them  is 
more  or  less  the  same:  there  are  two,  phase  locked  optical 
carriers,  frequency  difference  of  which  corresponds  to  the 
RF  local  oscillator  frequency;  one  of  these  is  modulated  by 
an  IF  carrying  (in  our  case  in  QAM  or  TCM  form)  the 
information  bearing  signal;  and  at  the  base  station  this  is 
up-converted  to  the  RF  carrier  -  in  the  photodetector  or  in 
a  separate  microwave  mixer. 

The  signals  present  at  the  input  of  the  fiber  are  then 
(described  by  their  complex  envelopes) 
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u,(0,r)  =  1  +  j.eJm^  cosa-T  =1  +  j- m{r)coscoIFT  (15) 
«2(0,r)  =  B2eJeo“‘T-,B2  =  JP02/P0l 
Note  that  in  this  case  there  are  two  signals  co-propagating 
along  the  fiber.  Then  XPM  (cross-phase-modulation)  has  to 
be  taken  into  account  besides  of  SPM.  Phase  shift  in 
channel  #1  and  #2  can  be  given  then10  (SPM  and  XPM 
respectively) 

*NU  =  *NL’  ®nl2=Wnl  (16) 

At  cross-section  z  of  the  fiber  M;  will  be  multiplied  by 
ei<t>m  ;I-  =  12  according  to  (13)-(14).  If  there  is  a 
photodetector  at  z=Lf  the  photo-current  contains  several 
combination-frequency  terms  of  inputs  u\  and  u2  -  among 
these  the  modulated  upper  and  lower  sidebands  of  6i0.  One 
of  these  is  chosen  as  RF  carrier  (the  upper,  in  what  follows) 
and  so  the  RF  current  can  be  written  as 


=  A2m(t)cOs((0LOT  +  COlFT+  0NLk) 


With  subscript  k  it  is  explicitly  stated  that  <PNL  depends  on 
symbol  #k.  That  is,  XPM  and  SPM  causes  AM-to-PM 
conversion,  what  increases  error  probability. 

Note,  that  the  phase  recovered  by  the  carrier  synchronizing 
system  coincides  with  the  average  phase.  Taken  this  into 
account,  an  elementary  calculation,  similar  to  that  resulting 
in  (4)  we  get  an  upper  bound  of  the  loss  due  to  the  AM/PM 


conversion 


Lam  /  pm  <  201g  {d/d)  =  (is) 

=  -201g[(VA^  -  l)V2  cos(7r/4  +  b0NL)  -  (4m  -  2)] 

with  a  a  function  of  M:  b  =  0,57  in  64QAM,  b  =  0,44  in 
16QAM,  and,  of  course,  b  =  0  in  QPSK. 

In  Fig.  4  computed  penalty  due  to  SPM/XPM  induced  AM- 
PM  conversion  is  shown  for  16QAM  and  64QAM. 


Fig.  4  AM-to-PM  loss  in  remote  heterodyning  transmission 
B2=l;  solid  lines:  64QAM;  dotted  lines:  16QAM 

6.  Conclusions 


Three  distortion  phenomena  in  microwave  fiber  optic  links 
were  discussed,  mainly  from  the  point  of  view  of  QAM 
transmission.  This,  somewhat  refined  characterization  will 
absolutely  be  needed  in  future  applications  in  mobile  and 
other  wireless  networks  operating  with  QAM.  As,  high- 
level  modulation  schemes  are  very  sensitive  both  to  linear 
and  to  nonlinear  distortion.  The  application  of  the  simplest, 
i.e.  single-electrode-pair  Mach-Zehnder  modulator  was 
throughout  assumed;  some  of  the  results  should  be 
modified  in  the  case  of  different  modulators,  however  with 
similar  results. 

An  explicit  formula  was  derived  for  the  apparent  power 
loss  due  to  the  modulator  nonlinearity.  Dynamic  range  of 


the  link  can  be  determined  based  on  this.  On  the  other  hand 
from  formula  (4)  it  can  be  seen  that  this  distortion  can 
easily  be  compensated  for  by  the  application  of  a  so-called 
compromise-predistorter.  This  could  increase  the  dynamic 
range  by  several  dB-s.  This  point,  however,  needs  further 
elaboration. 

Fiber  dispersion  caused  linear  distortion  was  discussed 
next.  It  was  shown  that  dispersion,  besides  of  causing  RF 
loss,  causes  also  linear  distortion.  This  can  increase  the 
dispersion-induced  penalty  (possibly  up  to  infinity  by 
closing  the  eye  pattern),  decreasing  thus  the  maximal  length 
of  fiber  sections.  This  phenomenon  is  known  from  the 
techniques  of  high  capacity  digital  radio7;  like  in  that 
technique,  equalizers  -  adaptive  or  not  -  can  counteract  to 
this  impairment;  this  possibility  can  and  should  be  kept  in 
mind  in  network  design.  A  more  effective  countermeasure 
would  be  to  apply  single  sideband  modulation;  in  this  case 
i.  dispersion  causes  no  loss;  ii.  there  is  ,  a  group-delay 
distortion,  its  magnitude,  however,  is  very  low,  depending 
only  on  the  bandwidth  and  not  on  the  RF  carrier;  in  this 
way  length  of  the  fiber  can  significantly  be  increased. 

As  a  third  point  SPM  and  XPM  effect  was  investigated.  It 
is  shown  that  this  has  no  effect  on  intensity  modulated 
links,  can  cause,  however,  a  significant  AM-to-PM 
conversion  in  remote  heterodyned  links  even  if  optical 
power  is  a  moderate  10  mW  or  so.  Note  that  it  is  not  only 
this  effect  what  limits  the  optical  power  and  excludes  the 
use  of  very  high  power  but  also  stimulated  Brillouin- 
scattering10;  therefore  investigating  power  levels  much 
higher  then  say  10  mW  has  not  too  much  sense. 
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I.  Introduction 

Recently,  Fiber-Optic -Radio-Highway  has  been  studied 
technologies[l].  Figure  1  illustrates  the  concept  of  radio 
highways,  which  can  realize  the  universal  capability  and 
flexibility  for  various  types  of  air  interfaces.  A  radio  base 
station(RBS)  is  only  equipped  with  an  E/0(electric-to-optic) 
and  0/E(optic-to-electric)  converters,  and  all  of  complicated 
functions  such  as  RF  modulation,  demodulation  and  so  on, 
are  performed  at  a  control  station(CS). 

As  a  multiple  access  method  in  radio  highways,  CDMA  will 
be  a  strong  candidate,  because  CDMA  is  superior  to 
TDMA[2]  in  its  asynchronous  access  property,  and  to 
SCMA[3]  in  its  flexibility  and  transparency  for  radio  air 
interfaces. 

To  realize  the  radio  highway  with  CDMA  scheme,  we 
have  proposed  direct  optical  switching(DOS)-CDMA 
systems[4][5],  which  can  easily  encode  and  decode  an  optical 
signal  by  using  optical  switch(OSW).  Since  any  types  of 
radio  signals  can  be  converted  into  the  intensity  of  optical 
CDMA  signals,  the  optical  direct  detection  can  be  employed.  When  transferring  RF  signal  in  the  DOS-CDMA  system, 
the  code  period  is  required  to  be  shortened  less  than  the  bandpass  sampling  period[6]  in  order  to  generate  no  distortion. 
However,  DOS-CDMA  system  has  to  transfer  various  RF  signals  with  various  bandwidths.  In  addition,  a  longer  code 
period  can  improve  the  received  carrier-to-interference-power-ratio(CIR).  Therefore  the  fixed  code  period  determined 
independently  of  RF  bandwidth  is  preferable  to  improve  both  transparency  for  various  RF  signal  formats  and  the 
received  CIR.  This  is  from  the  fact  that  since  the  received  CIR  of  DOS-CDMA  is  proportion  to  the  length  of  spreading 
codes  with  any  chip  rate,  the  received  CIR  can  be  improved  by  using  longer  code  period  when  chip  rate  is  fixed[4][5]. 

In  this  case,  however,  since  the  code  period  is  longer  than  the  bandpass  sampling  period,  the  spectral  aliasing  distorts 
the  regenerated  RF  signals.  In  this  paper,  therefore,  we  theoretically  analyze  the  spectral  aliasing  distortions  on  the 
regenerated  RF  signal. 


to  solve  many  problems  in  the  microcell/picocell 


Control  Station(CS)  E/0  :  Electric-to-Optic  Converter 


Fig.l  :  Concept  of  the  radio  highway 


II.  Spectral  aliasing  in  DOS-CDMA  system 


A.  Principle  of  DOS-CDMA  system 

Figure  2  illustrates  the  configuration  of  the 
DOS-CDMA  system[4][5].  At  the  transmitter 
of  k-th  RBS,  an  optical  carrier  is  intensity- 
moduIated(IM)  by  the  RF  signal  received  at  the 
RBS,  and  on-off-encoded  at  the  OSW  driven 
with  the  k- th  biased  bipolar  code,  ck(t).  After 
that,  many  DOS-CDMA  signals  from  M 
transmitters  are  multiplexed,  and  transferred  to 
the  CS.  At  the  CS,  DOS-CDMA  signals  are 
power-split  to  each  receiver,  and  correlated  at 
the  optical  polarity  reversing  correlator 
(0PRC)[4]  driven  with  the  biased  bipolar  code 
identical  to  a  desired  transmitter.  At  the  OPRC, 
the  DOS-CDMA  signal  is  divided  into  two 
branches  by  3dB  coupler.  The  OSW  of  the 
upper  branch  is  driven  with  “1”  of  the  biased 
bipolar  code  and  the  OSW  of  the  lower  branch 
is  driven  with  “0”  of  the  biased  bipolar  code. 


|*th  Transmitter 


Fig.2  :  Configuration  of  DOS-CDMA  system 
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As  a  result,  the  PD  output  of  the  upper  branch  is  the  sum  of  the  desired  signal  and  the  interference  signals,  and  the  PD 
output  of  the  other  branch  includes  only  the  interference  signals.  The  power  of  the  interference  signals  from  both 
branches  can  be  reduced  by  the  subtraction  after  photodetections.  Thus,  as  the  output  of  OPRC,  we  obtain  the  desired 
signal  contaminated  with  some  reduced-power  interference  signals.  At  this  stage,  however,  the  desired  signal  is  still  the 
on-off  pulsed  signal,  so  in  order  to  obtain  the  original  RF  signal,  we  finally  interpolate  it  by  using  a  bandpass 
filter(BPF). 

B.  Spectral  aliasing  distortions  on  DOS-CDMA  signal 

In  the  DOS-CDMA  system,  the  received  RF  signals  have 
various  bandwidths,  that  is,  various  required  bandpass 
sampling  periods.  However,  to  keep  a  transparency  in  DOS- 
CDMA  system,  code  spreading  period  of  RF  signals  should  be 
fixed  for  every  RF  signals.  Thus,  bandpass  sampling  period  and 
code  period  are  mutually  independent,  and  when  code  period  is 
longer  than  bandpass  sampling  period,  RF  signal  does  not  meet 
the  bandpass  sampling  theorem  and  the  spectral  aliasing 
distortions  occur  to  the  regenerated  RF  signals. 

Fisure  3  illustrates  the  spectral  aliasing  of  sampled  RF  signal 
which  has  ft  of  carrier  frequency  and  Brf  of  bandwidth,  in  the 
case  of  code  period,  Tl,  is  longer  than  required  bandpass 
sampling  period,  Ts.  From  the  Fig.3,  if  RF  signal  is  bandpass 
filtered  by  BPF  of  bandwidth  of  Brf,  spectral  aliasings(black  area)  cause  the  regenerated  RF  signal  distortion.  However, 
if  Tl  <  Ts,  RF  signal  satisfies  bandpass  sampling  theorem  and  no  spectral  aliasing  distortions  are  occurred.  In  addition, 
Tl  becomes  long  compared  with  Ts,  number  of  aliasing  spectrums  are  increase,  and  influence  of  spectral  aliasing 
distortion  becomes  serious. 


BPF  {Brf) 


III.  Theoretical  analysis  of  spectrum  aliasing  distortion 

The  code  spreading  of  DOS-CDMA  system,  when  spectrum  aliasing  distortions  occurs,  is  corresponded  to  the  higher- 


order  bandpass  sampling  of  the  RF  signal.  Figure  4 
illustrates  the  Mh  order  bandpass  natural  sampling 
process  of  the  RF  signal.  In  this  case,  the  sampling 
pulses  of  a  spreading  code  are  randomly  positioned  in 
a  period,  Tl,  and  each  pulse  has  spectral  aliasings 
illustrated  in  Fig.3,  because  Tl  is  longer  than  the 
required  bandpass  sampling  period,  Ts. 

A  sampled  signal,  f*(t),  is  expressed  as 


(i'=  1,2,3,  •••  ,N)  (1) 


where  ftt),  fi(t),  p(t )  and  Ti  are  the  received  RF  signal  which  intensity  modulates  LD,  the  i-th  sampled  sequence,  the 
rectangular  pulse  with  its  width  of  chip  rate,  7c,  and  its  amplitude  of  1,  and  the  time  position  of  the  i-th  pulse, 
respectively.  The  spectrum  of  the  Mh  order  bandpass  sampled  signal,  F(j),  is  given  by 


and 


Ft(f) 

Thus,  the  RF 
output,  Pd,  is  given  by 


F(f)  =  H Sif)  (i=l,2,3,  ,N)  (2) 

F{f_2L  y-WTL  (j=ij2,3,  •”  ,N)  (3) 

signal  power  of  desired  spectrum  at  the  BPF 

Pd  =  C  =  |  F(f)\2df  (4) 

"  JO 


(5) 


and  aliasing  spectrum  power.  Pa,  is  given  by 

Sr  C '  £",■ F‘w  *  r""r‘  l  S.W)  l*<«n 

♦ssrc  1  e.  ™  '  z:  w 
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On  the  other  hand,  the  received  CIR  without  spectral  aliasing  distortions  is  given  as[4][5][7] 

C  _  fO^(M-i)rc  For  Prime  Codes 

j  t  t,  For  M  Sequences  (6) 

1  (M-\)TC 

where  M  is  number  of  the  connected  RBSs.  From  Eqs.(4)(5)(6),  the  received  CIR  with  spectral  aliasing  distortions  is 
given  by 


CIR  = 


C 


(7) 


IV.  Numerical  results 

This  section  shows  some  numerical  results  about  the  influence  that  spectral  aliasing  distortions  give  to  the  received 
CIR.  As  parameters  used  for  a  calculation,  number  of  connected  RBSs,  M,  is  10  and  carrier  frequency  of  RF  signal,/), 
is  1.9GHz,  and  swiching  speed  of  OSW,  that  is,  chip  rate,  1  /7c,  is  10MHz. 

Figure  5  shows  a  relationship  between  CIR  of  the  regenerated  RF  signals  and  the  code  length,  TUTc,  for  M  sequences. 
In  this  figure,  the  RF  signal  with  its  upper  limit  line  is  obtained  the  ideal  condition  that  spectral  aliasing  is  ignored.  It  is 
found  from  this  figure,  if  we  require  the  received  CIR  of  more  than  40dB,  we  should  use  code  length  of  more  than 
100000  words  and  bandwidth  of  less  than  1.5MHz.  It  is  also  found,  in  the  case  of  M  sequences,  the  spectral  aliasing 
distortions  hardly  deteriorate  the  CER  even  if  using  BPF  to  interpolate  the  RF  signal.  However,  when  broadband  RF 
signal  with  its  bandwidth  of  more  than  1.5MHz,  is  transferred,  its  CIR  reaches  the  saturated  value  determined  by 
aliasing  spectrum  power,  Pa.  Thus,  to  transfer  RF  signal  whose  bandwidth  is  more  than  1.5MHz  in  high  quality,  we 
must  reduce  Pa  by  using  high  chip  rate  code  more  than  10MHz  to  shorten  Tl  in  Eq.(5). 


Figure  5  :  CIR  virsus  code  Iength(M  sequences)  Figure  6  :  CIR  virsus  code  length(prime  codes) 


Figure  6  shows  a  relationship  between  CIR  of  the  regenerated  RF  signals  and  code  length  for  prime  codes.  In  the  case 
of  prime  codes,  influence  of  spectral  aliasing  distortions  is  conspicuous,  and  the  received  CER  is  more  deteriorated 
compared  with  M  sequences,  because  pulse  duty  of  prime  code  is  lower  than  that  of  M  sequences  and  RF  signa  power  C 
is  smaller  than  that  of  M  sequences.  Thus,  CIPa  is  lower  than  that  of  M  sequences.  It  is  found  from  Fig.6  that  if  we 
require  more  than  30dB  of  received  CIR,  we  should  use  the  code  length  about  5000  words  and  bandwidth  of  only  less 
than  30kHz.  However,  by  using  prime  code,  we  can  configure  the  receiver  simpler  with  single  OSW  and  single  PD, 
moreover,  the  chip  synchronization  can  be  established  easily  because  of  its  low  pulse  duty.  In  the  prime  code,  RF  signal 
whose  bandwidth  is  more  than  30kHz  can  be  also  transferred  by  using  more  high  chip  rate  code  than  the  case  of  M 
sequence. 

In  this  way,  broadband  RF  signal  can  be  transferred  by  using  high  chip  rate  code,  but  it  is  difficult  to  realize  because 
of  limitation  of  OSW  speed  and  difficulty  of  chip  synchronization.  To  transferring  broadband  RF  signals  without  high 
chip  rate  code,  we  have  proposed  a  method  of  using  a  proposed  aliasing  canceler[7]  which  can  remove  the  spectral 
aliasing  distortions.  In  the  case  of  using  an  aliasing  canceler,  received  CIR  of  these  figures  can  be  closed  to  upper  limits. 
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V.  Conclusions 

In  this  paper,  we  have  analyzed  theoretically  about  the  CER  of  the  regenerated  RF  signal  considering  the  spectral 
aliasing  distortions  when  code  period  is  longer  than  bandpass  sampling  period.  As  the  results,  following  are  obtained. 

In  the  M  sequences,  if  we  require  the  received  CIR  of  more  than  40dB,  we  should  use  code  length  of  more  than 
100000  words  and  bandwidth  of  less  than  1.5MHz.  And  in  the  prime  code,  if  we  require  more  than  30dB  of  received 
CIR,  we  should  use  the  code  length  about  5000  words  and  bandwidth  of  only  less  than  30kHz.  To  transfer  broadband 
RF  signals  in  DOS-CDMA,  we  should  use  high  chip  rate  code. 
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Abstract:  The  demux  filter  requirements  in  WDM  mm- 
wave  transmission  systems  are  theoretically  and 
experimentally  investigated.  Optical  channel  spacings 
of  less  than  the  mm-wave  frequency  are  feasible,  which 
was  confirmed  by  data  transmission  at  60  GHz. 


Introduction 

Optical  mm-wave  transmission  systems  offer  the 
potential  for  flexible  and  low-loss  distribution  of  signals 
at  mm-wave  range  to  remote  antenna  units.  Especially  if 
numerous  base  stations  in  mobile  broadband 
communication  systems  are  to  be  connected  to  a  central 
control  station,  an  optical  backbone  for  mm-wave  signal 
transport  is  required  [1].  In  order  to  feed  remote  base 
stations  at  distances  of  some  kilometers,  mm-wave 
signal  generation  techniques  leading  to  dispersion- 
tolerant  signal  transmission  are  preferable  [2,3],  Further 
significant  cost  reduction  can  be  achieved,  if  a 
wavelength  division  multiplex  (WDM)  system  is 
applied,  since  optical  amplifiers  can  be  used  by  all 
channels. 

We  proposed  and  demonstrated  an  optical  mm-wave 
transport  system  applying  simultaneous  upconversion  of 
the  individual  data  signals  at  IF  range  in  each  WDM 
channel  by  a  single  high-speed  electro-optical 
modulator  (EOM)  to  mm-wave  range  [4],  Initial 
experiments  at  60  GHz  were  carried  out  at  a  channel 
spacing  of  200  GHz,  however,  we  also  demonstrated  a  7 
channel  experiment  with  a  spacing  of  100  GHz  [5],  In 
[6],  we  presented  initial  results  on  further  reduction  of 
channel  spacing.  In  general,  a  channel  spacing 
according  to  the  ITU  grid  is  preferable,  since  optical 
components  such  as  multiplexers  developed  for  telco 
systems  can  be  used  (cost  aspect!). 

Further  reduction  of  channel  spacing  would  increase  the 
number  of  channels  in  the  Erbium  band  and  is 
investigated  in  this  paper.  Evaluation  of  the  spectral 
requirements  for  demux  filters  in  WDM  mm-wave 


systems  is  presented.  The  application  of  special  tailored 
fiber  Bragg  grating  filters  seems  to  be  an  ideal  solution, 
especially  if  distributed  demultiplexing  (dropping  of  a 
single  WDM  channel  at  each  base  station  site,  see  Fig. 
1)  using  add/drop-multiplexers  (ADM)  is  applied.  It  is 
theoretically  and  experimentally  (at  60  GHz) 
demonstrated  that  an  overlap  of  the  modulation 
sidebands  is  feasible,  leading  to  channel  spacings  of  less 
than  the  mm-wave  transmission  frequency  and  hence  a 
new  demultiplexing  scheme. 

System  Description 

The  general  system  setup  for  simultaneous 
upconversion  is  shown  in  Fig.  1.  Wavelength-selected 
laser  diodes  are  directly  modulated  via  the  injection 
current  with  the  data  signal  at  IF  range.  The  optical 
output  signals  are  wavelength  multiplexed  using  a 
single  multiplexer  and  subsequently  the  combined 
optical  signal  is  fed  into  a  high-speed  external 
modulator  driven  by  a  LO  tone  at  high  frequency.  After 
optical  amplification,  the  signal  is  transmitted  over 
standard  fiber  and  dropped  off  the  fiber  bus  at  each  base 
station  site  by  add/drop-multiplexers. 


Fig.  1:  General  setup  for  simultaneous  upconversion. 
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We  have  demonstrated  that  mm-wave  transmission  over 
approx.  50  km  is  feasible  using  this  direct  IF 
modulation/extemal  upconversion  scheme  at  60  GHz 
[7,8],  There  is  no  synchronization  required  between  the 
data  signals  of  different  channels,  the  IF  can  be  varied 
for  obtaining  different  mm-wave  transmission 
frequencies  in  adjacent  picocells  and  in  uplink  mode  the 
mm-wave  LO  signal  can  be  used  for  downconversion  of 
the  received  signal  to  IF  range  for  easy  transport  back  to 
the  central  control  station. 

WDM  Channel  Spacing 

In  Fig.  2,  the  optical  spectrum  for  two  WDM  channels 
of  a  direct  IF  modulation/simultaneous  upconversion 
system  with  the  external  Mach-Zehnder  modulator 
biased  at  minimum  transmission  point  is  shown 
schematically.  In  this  case,  the  mm-wave  transmission 
frequency  of  channel  (i),  ,  is  obtained  from 

fRF=2fEOM+fiF  with  fEOM  denoting  the  EOM 
modulation  frequency  and  fjp  being  the  center  IF  of 
channel  (i).  It  is  obvious  from  Fig.  2  that  higher  EOM 
modulation  sidebands  from  adjacent  channels  ( *  —  1 ) 
and  (i  +  l)  affect  the  signal  at  f$.  However,  their 
power  is  typically  very  low  and  only  the  ±3rd  EOM 
sidebands  lead  to  critical  distortions  in  case  of  a  channel 
spacing  of  tsfmM  =  4  fE0M  +  fjp  [9]. 


If  the  1st  order  EOM  sidebands  overlap,  there  are 
multiple  modulated  optical  carriers  in  the  same  optical 
channel  and  the  beat  notes  produced  by  the  mixing  of 
different  optical  carriers  at  a  photodetector  may 
interfere  with  the  microwave  subcarriers,  hence 
reducing  the  carrier-to-interference  ratio  (CIR).  A 
general  model  of  optical  beat  interference  (OBI)  is 
given  in  [10].  In  our  system  (Fig.  1),  the  drop  function  is 
realized  with  a  demux  filter  having  a  transfer  function 
H Bragg  (/ )  *  Considering  the  independent  single-mode 

laser  fields  with  the  same  polarization  state,  the  power 
spectral  density  of  the  photocurrent  is  given  by  [10] 

f  N  N-\  N  .  .]  (1) 

x\2Sn{f)+?.l4SEl®SSj{f)\ 

where  R  is  the  responsitivity  of  the  detector,  Sn  are  the 
power  spectral  densities  (PSD)  of  the  intensities  Ik(t ) 
and  SEi(f)  are  the  PSD  of  the  optical  fields.  The 

second  term  contains  the  optical  beat  notes.  The  OBI 
terms  are  described  by  a  two-sided  Lorentzian  PSD  of  a 
signal  centered  at  a  frequency  /0 ,  which  corresponds  to 

a  possible  difference  of  two  optical  components  (for 
small-signal  modulation).  The  FWHM  of  a  spectrum  is 
given  by  the  laser  linewidth  and  chirp.  In  the 
experiments,  the  quotient  of  FM  index  and  EM  index  is 
approx.  M  /  m  =  4.1 . 


10  20  30  40  50  60 

Fig.  2:  General  optical  spectrum  for  two  channels.  wdm  channel  spacing  (GHz) 


If  the  channel  spacing  is  further  reduced,  there  is  no 
distortion  of  the  signal  at  .  Even  an  overlap  of  the 
1st  order  EOM  sidebands  of  adjacent  channels  can  result 
in  a  distortion-less  signal  at  / in  channel  (i)  and  is 
proposed  and  demonstrated  in  this  paper.  In  this  case, 
however,  the  WDM  sources  have  to  be  wavelength- 
stabilized  to  high  extend  and  the  demux  filter  need  to 
have  steep  edges. 


Fig.  3:  OBI  power  versus  WDM  channel  spacing  for  a  3 
laser  system. 

When  computing  the  OBI  power,  A fmM  » BT  is 
assumed  for  simplicity  ( BT  total  bandwidth  of 

baseband),  so  that  the  integral  of  the  PSD’s  of  the  laser 
can  be  approximated  as  2BTSEj(f>).  Fig.  3  shows  the 

total  interference  power  in  a  three  channel  system 
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(N  =  3)  as  a  function  of  the  channel  spacing  &fWDM  . 

The  maximum  of  interference  power  is  generated,  when 
the  spectra  of  the  three  SEi(f)  have  a  center  frequency 

of  30  GHz  and  the  BER  increases.  As  optical  demux 
filter,  a  symmetrical  filter  with  a  flat  top  of  66  GHz,  a 
FWHM  width  of  70  GHz  and  a  width  of  108  GHz  @  - 
20  dB  is  assumed. 

In  systems  using  such  small  channel  spacings  as 
discussed  here,  beat  interference  always  occurs.  A  sharp 
slope  of  the  demux  filter  is  necessary  to  reduce  the 
influence  of  the  higher  spectral  part  of  the  laser  PSD 
yielding  to  lower  total  interference  power.  Outside  the 
pass  band  >-25  dB  are  required  to  avoid  crosstalk  of 
other  spectral  components  [9], 

Since  the  spectral  components  overlap,  a  new  demux 
scheme  has  to  be  applied.  First,  the  total  optical  signal 
has  to  be  power  divided  by  a  factor  depending  on  the 
signal  overlap.  Then  the  demux  function  is  applied  in 
such  a  way  that  in  each  optical  branch  some  channels 
are  lost,  however,  altogether  all  channels  are 
demultiplexed. 

Experimental  Results 

Using  the  setup  of  Fig.  1  with  three  laser  diodes, 
experimental  data  transmission  (50  MBit/s  512-carrier 
OFDM  with  DQPSK  subcarrier  modulation)  at  60  GHz 
has  been  carried  out. 


Wavelength  (nm) 

Fig  4:  Measured  optical  spectrum  before  detection. 

Laser  2  as  center  channel  (i)  was  directly  modulated 
with  an  individual  signal  centered  at  fIF  =2.3  GHz . 

Laser  1  and  laser  3  served  as  adjacent  channels  (i-l ) 
and  ( i  + 1 )  and  were  modulated  with  a  different 
(independent)  signal  of  the  same  format  and  at  the  same 
IF.  The  channel  spacing  was  varied  and  the  bit  error  rate 


(BER)  measured.  A  specially  designed  fiber  Bragg 
grating  in  conjunction  with  an  optical  circulator  served 
as  demux  filter. 

Fig.  4  depicts  the  optical  spectrum  with  channel  ( i ) 
selected  by  the  Bragg  grating  at  a  channel  spacing  of 
tfwoM  ~  GHz.  The  EOM  modulation  sidebands  are 

denoted.  The  IF  modulation  sidebands  cannot  be 
resolved.  Furthermore,  the  Bragg  filter  function  is 
shown. 

In  Fig.  5,  the  BER  versus  channel  spacing  is  shown  for 
the  center  channel  (i)  (laser  2)  at  SNR=17dB  with 
different  distortions  by  adjacent  channels.  First,  there  is 
the  case  of  distortion  by  just  one  adjacent  channel  (laser 
1  or  laser  3)  and  second,  there  is  distortion  from  both 
sides  (laser  1  and  laser  3).  As  can  be  seen  in  Fig.  5,  in 
case  of  distortion  from  laser  3  no  degradation  of  BER  is 
observed  until  the  channel  spacing  approaches 
~35  GHz.  By  further  reduction  of  channel  spacing,  a 
rapid  increase  of  BER  is  obtained  due  a  spectral  overlap 
of  the  IF  modulation  sidebands.  If  the  distortion  is  only 
from  laser  1,  almost  the  same  behavior  is  obtained. 
However,  around  50  GHz  a  small  degradation  of  BER  is 
observed,  indicating  that  the  SNR  is  decreased.  This  is 
due  to  the  fact  that  there  is  a  significant  side-lobe  on  the 
short  wavelength  side  of  the  fiber  Bragg  grating  filter, 
see  Fig.  4. 


0  10  20  30  40  50  60  70  60 

WDM  channel  spacing  (GHz) 


Fig.  5  :  BER  versus  channel  spacing  for  channel  2. 

At  a  channel  spacing  of  approx.  A fWDM  ~  60  GHz , 
heterodyning  of  the  upper  sideband  of  laser  1  and  the 
lower  sideband  of  laser  2  occurs  and  no  BER  is 
measurable. 
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Conclusions 

It  has  been  shown  that  a  significant  reduction  of  channel 
spacing  below  the  frequency  of  tsfWDM  =  4 fE0M  + 
is  feasible,  if  the  optical  demux  filter  has  steep  edges 
and  very  low  side-lobes.  Even  a  channel  spacing  of  less 
than  the  mm-wave  transmission  frequency  can  be 
realized,  resulting  in  an  overlap  of  the  1st  order  EOM 
sidebands  of  adjacent  channels  and  hence  leading  to  a 
significant  increase  in  channel  number.  This  setup 
requires  a  new  demultiplexing  scheme  for  channel 
separation.  A  theoretical  analysis  on  filter  requirements 
has  been  carried  out.  Transmission  experiments  at 
60  GHz  resulted  in  low  BER  for  A fWDM  <  fgp  and 

demonstrated  the  feasibility  of  the  proposed  system. 
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Abstract 

A  novel  modulation  scheme  to  simultaneously 
transmit  broadband  signal  at  both  baseband  and 
millimetre-wave  RF  carriers  over  optical  fibre 
links  is  proposed  and  demonstrated.  The  key 
parameters  of  this  technique  are  optimised  for 
achieving  best  performance  in  Gbit/s  wireless 
millimetre-wave  fibre  networks. 

I.  INTRODUCTION 

Gbit/s  millimetre-wave  wireless-fibre  networks 
are  envisaged  to  provide  broadband  services  in  the 
local-loop  [1].  Different  approaches  to  transmit 
broadband  signals  between  control  stations  and 
base  station  in  mm-wave  radio  over  fibre 
networks  have  been  proposed.  In  principal,  these 
approaches  consists  of  :  (i)  transmitting  the 
signals  on  RF  carriers  or  (ii)  on  IF  carriers,  or 
otherwise  at  (iii)  baseband  (BB)  to  be  further 
upcon verted  at  the  remote  site  [2].  To  increase  the 
fibre-radio  network  flexibility  a  combination  of 
the  above  stated  feeding  techniques  is  desired. 
Likewise,  for  instance,  some  network  nodes  (base 
stations)  may  be  fed  using  a  RF  technique  and 
others  using  a  baseband  technique.  To  our 
knowledge,  no  simultaneous  transmission  in  RF 
and  baseband  signals  has  been  demonstrated  yet. 
In  the  paper  a  novel  scheme  to  simultaneously 
transmit  baseband  and  RF  broadband  signals  in 
fibre-radio  links  is  proposed  and  demonstrated  for 
Gbit/s  data  rates.  The  key  parameters  of  the 
technique  are  optimised  to  enable  simultaneous 
transmission. 


II.  SIMULTANEOUS  BB  AND  RF 
MODULATION  SCHEME 


The  experimental  arrangement  to  demonstrate  the 
novel  modulation  scheme  to  simultaneously 
transmit  RF  and  BB  signals  is  depicted  in  figure  1. 
A  laser  source  is  externally  modulated  using  a 
dual -electrode  Mach-Zehnder  electrooptical 
modulator  (DE-MZM).  One  of  the  DE-MZM  RF 
ports  is  driven  by  the  90°  phase-shifted  local 
oscillator  (fLo)  tone  obtained  at  the  hybrid  coupler 
output  The  digital  PRBS  baseband  signal  is 
combined  with  the  local  oscillator  signal  and 
further  applied  at  the  other  RF  port  of  the  DE- 
MZM.  The  DE-MZM  bias  is  adjusted  using  a 
power  supply.  The  optical  modulated  signal  is 
launched  into  the  standard  optical  fibre,  and  is 
further  photodetected  and  amplified  at  the 
receiving  end.  No  optical  filter  at  the  output  of  the 
DE-MZM  to  eliminate  fi^  harmonics  was  used,  as 
in  [2],  due  to  their  levels  were  low  enough  in 
relation  to  the  fLO  signal. 

The  proposed  modulation  scheme  has  been  also 
modelled  as  follows.  The  electric  field  at  the 
output  of  the  DE-MZM  when  it  is  biased  at 
quadrature  may  be  expressed  as: 


Enut  — 


Ein_ 

2 


•(-/o(a)-(l  +  sen  /•  p(r))-sen  coot  + 


cos  y  ■  J  o(a)  ■  cos  coot  - 


(1) 


Ji(a)  ■  (1  +  cos  y)  ■  cos  (coo  -  com)t  + 


-/,(«)•  (1  -  COS  Y)  ■  COS( 0)0  +  COw)t  - 

J\(a)-  p(t)- sen  y  ■  (sen(coo  +  com)t  -  scn{coo  -  coix>)i)) 


where  Ein  is  the  input  electric  field,  p(t)  represents 
the  [-1,+1]  PRBS  signal,  and  J0(.)  and  Ji(.)  stand 
for  the  zero  and  first  order  first-kind  Bessel 
functions,  repectively,  and  their  arguments  are 
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a  = 

71  •  Vlo 

(2a) 

Vn 

V  — 

71  -Vbb 

(2b) 

/  - 

Vn 

V„  is  the  half-wave  voltage  of  the  DE-MZM  and 
VL0  and  VBb  are  the  local  oscillator  and  baseband 
data  voltages,  respectively.  At  the  output  of  the 
photoreceiver  the  three  significant  terms  of  the 
current  are  at  baseband: 

/Sfi  -  2  •  J2  (a)  ■  (1  +  p(t)  ■  sin  y)  +  4  ■  J2  (or)  (3) 

at  fL0 , 

Ifw  «cos(^fi02)-cosy-cos(coLOr  +  ^)  + 

+  sin(/3fL02)-cos(coLOt-7fy+  ^ 

+  sin iffj-)  •  sin  y  •  p{t)  •  cos (co^t  -  n/A) 

and  at  2fL0, 

h °°  4  •  J*  (a)  •  sin  Y  •  Pit)  •  sin(2a»i0r)  (5) 

where  :  ft  =  71  ^  ^  ,  and  L  is  the  fibre 

c 

length,  D  is  the  fibre  dispersion  parameter  (ps 
nm/km)  and  X  and  c  the  wavelength  and  vacuum 
velocity  of  light. 

From  (5)  it  is  noticed  that  the  data  signal  is 
upconverted  to  2f]0  when  sen  y=l  and  thus  for 
VBb=  Vj[/2.  In  addition,  a  dispersion-tolerant 
transmission  is  achieved  at  this  frequency.  From 
(4),  it  may  be  deduced  that  a  dispersion-tolerant 
tone  is  obtained  at  fLo  ,  even  though  also  data  is 
modulated  on  this  tone  depending  on  (3. 

III.  EXPERIMENTAL  RESULTS 

In  order  to  evaluate  the  influence  of  the  DE-MZM 
bias  voltage,  the  electrical  spectrum  at  the 
photoreceiver  output  for  a  1.25  Gbit/s  PRBS 
signal  and  a  fro  of  5  GHz  when  transmitting  over 
50  km  fibre  span  was  obtained,  shown  in  figure  2. 
In  this  figure  it  can  be  seen  that  depending  on  the 
DE-MZM  bias  voltage  the  data  spectrum  moves 
from  fL0  (see  fig.  2  (a),(b)  and(d))  to  BB  and  2fLo 
(in  quadrature  case,  see  fig.2(c)),  which  is  the 
optimum  case.  In  addition,  a  high  level  LO  is  also 
achieved,  which  might  be  used  at  the  base  station 
to  modulate  the  upstream  signal,  as  shown  in 
figure  1. 


Moreover,  the  performance  of  the  received  signal 
at  base  band  and  at  2fLo  is  measured.  Due  do 
laboratory  equipment  limitations  the  Q-parameter 
was  only  measured  at  622  Mbit/s  for  the  BB 
signal  as  a  function  of  the  received  optical  power 
and  bias  voltage,  depicted  in  figure  3,  and  at  52 
Mbit/s  for  the  2  fro  signal  as  a  function  of  the  bias 
voltage,  as  shown  in  figure  4. 

In  figure  3,  it  may  be  observed  that  good 
performance  are  obtained  for  the  BB  broadband 
data  in  quadrature.  A  Q  of  6  (BER=10'9)  may 
achieved  for  a  received  optical  power  around  -12 
dBm  (if  an  EDFA  was  included  or  high  optical 
power  was  used).  Also  in  this  figure  it  can  be  seen 
that  the  best  performance  is  obtained  in 
quadrature  and  the  system  performance  sensitivity 
to  the  DE-MZM  bias  voltage  is  moderate. 

In  figure  4,  it  may  be  observed  that  a  Q  ~8  (BER 
<  10'11)  is  achieved  at  the  quadrature  points.  It 
should  be  noticed  that  the  quadrature  points  for 
BB  and  2fro  are  different  due  to  the  frequency 
variation  of  the  DE-MZM  V„  parameter. 

IV.  CONCLUSION 

In  conclusion,  a  simultaneous  base  band  and  RF 
modulation  scheme  for  Gbit/s  millimetre-wave 
fibre  radio  systems  is  proposed  and  demonstrated. 
The  novel  modulation  scheme  enables  the 
transmission  of  broadband  signals  at  base  band 
and  at  double  frequency  of  a  local  oscillator.The 
influence  of  the  voltage  bias  of  the  DE-MZM  on 
the  system  performance  has  been  evaluated,  as 
well  as,  a  modulation  scheme  model  is  provided. 
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1300  nm 


Figure  1.  Experimental  arrangement  of  the  simultaneous  BB  and  RF  modulation  scheme 


Figure  2.  Electrical  spectra  at  the  photoreceiver  output  for  different  DE-MZM  bias  voltage,  (a)  3  V,  (b)  6  V, 

(c)  9  V-quadrature,  (d)  12  V. 
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Measured  Q 


Figure  3.  Q-parameter  for  BB  622  Mbit/s  transmission  as  a  function  of  the  received  optical  power  (left,  DE- 
MZM  in  quadrature)  and  DE-MZM  bias  voltage  (right) 


Figure  4.  Q-parameter  against  the  DE-MZM  bias  voltage  for  a  52  Mbit/s  transmission  over  50  km  fibre  span 

at  2fLo  of  10.24  GHz. 
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Abstract 

We  report  on  the  implementation  and  integration  of 
gigabit  fiber  networks  and  a  multi-Mbit  wireless 
access  NGI  network  demonstrator.  The  focus  is  to 
merge  photonic  technology  and  networking  with  the 
broadband  wireless  access  system. 


Summary 

As  illustrated  schematically  in  Figure  1,  the 
Broadband  Wireless  Access  (BWA)  system 
architecture  [1,2]  consists  of  four  distinct  network 
segments: 

i.  A  short  range  (<  500  m)  micro-cell  Access 
Point  (AP)  for  PMP  distribution  topology  to  places 
such  as  inner  city  buildings  with  concentrated  high 
bandwidth  users. 

ii.  A  single  RF  platform  with  multi-band 
modular  IF  stages  utilizing  Hybrid  Fiber  Radio 
(HFR)  interconnection  technology.  The  HFR 
technique  is  used  to  integrate  multi-band  wireless 
services  (Nil,  mm-wave,  and  LaserCom)  to  the 
backbone  network. 

iii.  A  centralized  Network  Operation  Center 
(NOC)  to  integrate  the  radio/network  switching, 
routing,  and  service  mixing  functions 

iv.  Apply  innovative  techniques  to  merge 
microwave  photonic  and  digital  fiber-optic 
technologies  with  the  fixed  BWA  for  flexible, 
heterogeneous,  and  unified  network  operation 

In  the  demonstrator,  special  emphasis  is  given  to 
Wireless  Local  Loop  (WLL)  applications,  versatile 
service  access,  rapid  system  deployment,  and 
network  reconfiguration.  We  will  present  test  results 
for  a  single-Hub/three-user  testbed  including  the 
performance  of  a  field  operated  portable  node. 

To  evaluate  the  access  operation  and  link 
performance,  multi-band  links  are  adapted  at  28  and 
38  GHz  for  direct  performance  comparison  in 
various  environmental  conditions  (e.g.  multi-path, 


rain  fade,  and  availability).  For  mixed-service 
delivery,  links  are  implemented,  on  a  single  analogue 
RF  platform,  with  broadcast  TV  channels  (80  digital 
channels  in  500  MHz  bandwidth)  and  multiple  high¬ 
speed  data  streams.  We  have  designed,  developed, 
and  demonstrated  the  AP  IF/RF  sub-system  and 
implemented  a  “beta”  version  of  AP/user  modems 
for  data  rates  up  to  155  Mbps. 


The  advantage  of  microwave  RF  Photonics  [3,4]  is 
that  it  expands,  and  merges  not  only  the  distribution 
and  access  of  channels,  but  it  also  incorporates 
“networked”  functionality  and  control  into  the 
wireless  links.  Figure  2  illustrates  the  role  of  RF 
photonics  in  a  wireless/fiber  network  interface  as 
demonstrated  in  the  program.  The  otherwise 
traditional  “antenna  remoting”  scenario  has  been 
replaced  by  a  networked  integrated  service  link. 


Interactive  Services 


•  Reception  from  Multiple  Picocells 

•  Coherent  Combining  using  Photonics 


Figure  2.  The  role  of  RF  photonics  in  a 
wireless/fiber  network  interface  as  demonstrated  in 


the  program. 
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•  Coherent  LO  Distribution 

•  Design  Complexity 

•  Simplified  Filtering 

•  Independent  LO’s  in  System 

•  Centralized  Management 

Figure  3  Centralized  high  stability  low  phase  noise 

LO  distributed  to  the  APs  and  base  terminals. 

Figure  3  depicts  the  centralized  high  stability  low 
phase  noise  LO  distributed  to  the  APs  and  base 
terminals.  A  two  channel  (12  and  16  GHz)  photonic 
unit  was  demonstrated  for  evaluating  the 
performance  of  a  switched  photonic  link  in 
distributing  LO  signals  [5]  shown  in  Figure  4. 


The  measured  residual  phase  noise  is  as  low  as  —145 
dBc/Hz  at  frequency  offsets  greater  than  100  kHz 
(compared  to  typical  isolated  LO  manufacturer’s 
specification  of  -95  dBc/Hz)  shown  in  Fig.  5.  The 
scheme  provides  the  flexibility  of  frequency  tuning, 
channel  selection,  and  dynamic  bandwidth 
allocations.  The  advantages  of  an  experimentally 
deployed  LO  distribution  will  be  presented  to 
illustrate  the  added  tuning  functionality  and  phase 
quality  in  the  system  as  well  as  lowering  the 


electrical  IF/RF  terminal  complexity  and  cost 
compared  to  a  pure  all  electrical  solutions. 

To  investigate  mm-wave  propagation  issues,  we  have 
used  a  high  resolution  channel  sounder  at  the  38  GHz 
LMDS  band  to  model  the  channel  based  on  the 
measurements  and  simulation  results.  The  models 
will  address  the  performance  limits  for  broadband 
wireless  access,  in  terms  of  data  transport  capability 
under  realistic  commercial  deployment  conditions. 
Based  on  the  model,  a  broadband  channel-adaptive 
radio  modem  is  examined  for  dynamic  bandwidth 
allocations. 

We  also  will  present  the  concept  of  a  portable 
wireless  access  node  for  a  bi-directional  ATM-based 
connection  to  a  fixed  broadband  fiber  network.  The 
goal  of  this  effort  is  to  demonstrate  the  feasibility  of 
a  rapidly  deployed  access  node  with  application  in 
specialized  scenarios,  e.g.  emergency  response.  The 
portable  node  could  also  serve  as  a  backbone 
connection  in  an  area  with  no  installed  fiber 
infrastructure. 

In  conclusion,  many  new  RF-photonic  techniques  are 
proposed  and  tested  for  a  mm-wave  BWA  system 
integrated  with  the  existing  fiber  networks.  The 
schemes  provide  reduced  system  complexity, 
operation  cost,  and  component  counts. 
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Abstract- A  wideband  (1-18  GHz)  four  channel  microwave  downconverter  employing  wavelength  division 
multiplexing  and  optical  amplification  is  demonstrated.  Theoretical  analysis  and  experimental  results  are  included.  A 
compressive  dynamic  range  of  97  dBHz  was  obtained  and  performance  improvements  are  outlined. 


Introduction 

Modem  Electronic  Warfare  (EW)  receivers  can  benefit 
from  the  advantages  that  photonic  processing 
technologies  offer.  Microwave  downconverting 
photonic  receivers  have  advantages  of  lightweight,  wide 
bandwidth  operation,  reduced  intermodulation  products 
and  high  isolation  between  signal  ports.  Previously, 
single  channel  microwave  photonic  downconverters 
have  been  demonstrated  [1-4]  which  exhibit  infinite 
isolation  between  local  oscillator  (LO)  and  radio 
frequency  (RF)  ports,  as  well  as  significantly  reduced 
intermodulation  products  between  LO  and  RF  signals  at 
the  intermediate  frequency  (IF)  output.  The  mixing 
process  occurs  by  cascading  the  non-linear  transfer 
function  of  each  of  the  Mach-Zehnder  optical 
modulators.  In  this  work,  a  four-channel  microwave 
downconverter  is  demonstrated  which  exploits 
commercially  available  wavelength  division 
multiplexed  (WDM)  components.  Signals  from  four 
physically  separated  antennas  are  simultaneously 
downconverted  with  a  single  phase  coherent  local 
oscillator  source.  The  system  performance  is  enhanced 
by  the  use  of  optical  amplification  employing  an 
erbium-doped  fibre  amplifier  (EDFA)  [5]  and  balanced 
IF  photodetection  to  reduce  relative  intensity  noise 
(RIN)  [6].  An  IF  processing  circuit  was  designed  in 
order  to  achieve  balanced  detection,  narrowband 
matching,  IF  amplification  and  video  detection. 
Theoretical  analysis  and  experimental  results  are 
presented  and  improvements  discussed. 


Theoretical  Analysis  and  Experiment 

The  architecture  is  illustrated  in  Figure  1 .  The  RF  to  IF 
conversion  loss  consists  of  the  loss  due  to  the  fibre  optic 
link  (LL)  and  an  excess  due  to  downconversion  process 
(CL).  The  total  loss  is  given  by: 
p  =  CL.LL  (1) 

The  conversion  loss  term  is  given  by 

CL  =  J2  (X  L0 )  (2) 

where  Ji(XL0)  is  the  Bessel  function  of  the  first  kind  in 
which 
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where  Vw  is  the  voltage  incident  on  the  LO 
modulator,  VnLO  is  the  halfwave  voltage  of  the  LO 
modulator,  Pw  is  the  power  applied  to  the  LO 
modulator,  Rw  is  the  termination  resistor  on  the  local 
oscillator  modulator  and  kL0  is  the  LO  port  matching 
coefficient.  The  link  loss  is  determined  by: 
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i  is  the  total  photocurrent  at  the  photodetector  when  the 
modulators  are  biased  at  quadrature,  RL  is  the  load 


resistance,  V^F  is  the  halfwave  voltage  of  the  RF 
modulator,  and  kRF  is  the  RF  port  matching  coefficient. 
Narrowband  impedance  matching  is  employed  at  the  IF 
stage  to  improve  sensitivity.  An  IF  transformer  is  used 
which  requires  the  following  expression  for  the  output 
matching  coefficent: 
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where  n  is  the  turns  ratio  of  the  IF  transformer  and  Rn 


is  the  transimpedance  resistor  at  the  photodetector.  In 
the  case  where  there  is  no  matching  transformer  and 
Rl=R0,  the  expression  for  the  link  loss  reduces  to  the 
form  derived  in  [1],[2]. 


The  incorporation  of  several  WDM  wavelengths  in  this 
work  for  parallel  downconversion  does  not  have  a 
degrading  effect  the  system  performance  with  respect  to 
the  modulator  bias  point  variation  with  wavelength. 
Specifically,  the  interferometric  nature  of  the  LO 
modulator’s  transfer  function  means  that  perfect 
quadrature  bias  can  only  be  achieved  for  one 
wavelength.  The  equivalent  shift  from  quadrature  A<j> 
experienced  by  a  shift  in  wavelength  AX  can  be  given  by 


(6) 


where  X  is  the  laser  wavelength.  For  the  case  of  four 
wavelengths  separated  on  the  ITU  grid  by  200  GHz,  the 
deviation  from  quadrature  is  significantly  less  than  0.1°. 
Conversely,  amplifying  several  WDM  laser  channels 
with  an  EDFA  results  in  lower  equivalent  saturation 
power  for  each  channel  [7].  The  EDFA  in  this  system  is 


0-7803-6455-4/00/$1 0.00  ©  Commonwealth  of  Australia 


175 


WE2.7 


Figure  (1)  -  Experimental  layout 


operated  as  a  power  amplifier.  Thus,  the  reduction  in 
the  saturated  power  should  be  included  as  an  equivalent 
loss  for  N  WDM  channels  as  [7] 

SL  =  10  log(l  /  N)  (7) 

This  equivalent  loss  has  a  detrimental  effect  on 
performance  inasmuch  as  increasing  the  number  of 
channels  in  this  architecture  results  in  a  reduction  of 
photocurrent  at  the  photodetector  and  hence  a  reduction 
in  the  dynamic  range  of  the  link.  This  tradeoff  can  be 
offset  by  the  use  of  an  EDFA  with  higher  saturated 
output  power. 

Link  performance  parameters  such  as  sensitivity  and 
dynamic  range  require  calculation  of  the  output  noise 
power  spectral  density  Nout  given  by: 

Noul  =  AkT  +  2  qRLi  +  RIN(f)RLi2  (8) 

where  k  is  Boltzmann’s  constant,  T  is  the  system 
temperature  (the  same  temperature  is  assumed  for  RF 
and  EF  ports),  RIN(f)  is  the  relative  intensity  noise, 
is  the  electronic  charge.  The  factor  of  4  in  the  first  term 
of  (8)  represents  the  high  input  impedance  of  the 
detector  log  video  amplifier  (DLVA)  rather  than  the 
usual  50  Q  matched  load.  In  this  case,  the  thermal  noise 
contribution  would  be  kT  [2].  The  second  term 
represents  the  shot  noise  produced  by  the  photodetection 
process  and  the  third  term  is  the  relative  intensity  noise 
contributions  of  both  the  laser  source  and  the  amplified 
spontaneous  emission  (ASE)  noise  from  the  EDFA  [8]. 
The  noise  sources  described  in  (8)  dominate  over  any 
referred  input  noise  due  to  the  relatively  high  insertion 
loss  of  the  link  and  conversion  loss  process. 

Figure  2  shows  the  experimental  and  theoretical  detector 
log  video  amplifier  (DLVA)  output  noise  voltage  as  a 
function  of  photocurrent  for  balanced  and  unbalanced 
detection.  The  theoretical  curves  are  calculated  using 
(8).  The  calculated  power  spectral  density  is  then 
referred  to  a  voltage  at  the  output  of  the  system  via  the 
DLVA  transfer  function  and  the  IF  filter  bandwidth. 

This  graph  illustrates  that  the  system  is  RIN  limited 
above  a  photocurrent  of  approximately  1  mA  even  with 
balanced  detection.  Experimentally,  balanced  detection 
affords  a  reduction  in  noise  of  >9  dB  at  a  total 


photocurrent  of  i=3mA.  Increased  noise  reduction  may 
be  achieved  if  it  were  possible  to  increase  the 
photocurrent.  However  this  corresponds  to  a  RIN  of 
-163  dB/Hz  ,  which  is  comparable  to  state-of-the-art 
diode-pumped  solid  state  lasers  [9].  Also  shown  for 
comparison  in  Figure  2  is  the  shot  noise  limit.  The 
difference  between  measured  and  theoretical  curves  is 
<1.4dB  for  low  photocurrents.  This  discrepancy  is 
possibly  due  to  the  difference  between  designed  and 
actual  IF  bandwidths. 


**•«*(»*  CLVA(tt«4 


10*  »'  10*  to* 


Figure  (2)  -  Output  noise  of  link  at  DLVA 
(circles  -  measured,  lines  -theory) 

For  EW  receivers,  another  useful  parameter  describing 
system  performance  is  the  minimum  detectable  signal 
(MDS)  referred  to  the  input  of  the  system.  This  sets  the 
theoretical  lower  limit  on  sensitivity  and  corresponds  to 
the  case  of  unity  signal  to  noise  ratio.  This  can  be 
determined  by: 

MDS{dB)  =  10  log(B)  +  ElN(dBm  /  Hz)  (9) 

EIN(dBm  /  Hz)  =  Nout(dBm  /  Hz)  +  CL(dB)  +  LL(dB)  +  4.7  (1 0) 

where  B  is  the  IF  bandwidth  and  EIN  is  the  equivalent 
input  noise  density.  The  extra  4.7  dB  is  due  to  folding 
of  uncorrelated  noise  sidebands  into  the  IF  receiver 
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bandwidth  [1].  The  experimental  MDS  in  the  case  of  no 
RF  amplification  as  a  function  of  photocurrent  is 
depicted  in  Figure  3,  along  with  the  theoretical  values 
calculated  from  (9).  Note  that  this  is  not  a  fit  to  the  data 
but  an  a  priori  calculation  based  on  measured  device 
data  and  the  equations  outlined  in  the  theoretical 
analysis.  As  expected,  there  is  little  improvement  in 
MDS  with  increasing  photocurrent  in  the  shot  noise 
limit. 

Typically  a  wideband  receiver  will  have  improved 
sensitivity  through  the  use  of  a  low  noise  RF  amplifier 
at  the  input  to  the  system.  At  the  output  of  the  link,  IF 
amplification  can  be  used  to  increase  the  signal  level  to 
be  compatible  with  the  DLVA  and  analog  to  digital 
(A/D)  converters.  In  this  case  the  noise  figure  is  given 
by  [10] 
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where  p  is  defined  in  equation  (1),  FT  is  the  total  system 
noise  figure,  Fj  and  Gi  are  the  noise  figure  and  gain  of 
the  microwave  RF  LNA,  F3  is  the  noise  figure  of  the  IF 
stage,  and  FL  is  the  noise  figure  of  a  photonic 
downconverter  without  RF  amplification  [1] 

Fl  =  EIN  (dBm  /  Hz) +  17  4(dBm/ Hz)  (12) 


40  MHz  B/W,  Plo  ■  20  dBm 


Figure  (3)  -  MDS  as  a  function  of  photocurrent 

Another  useful  measure  of  the  system  performance  in 
EW  is  the  tangential  signal  sensitivity  (TSS).  In  this 
case  the  finite  bandwidth  of  the  video  detection  process 
as  well  as  the  IF  bandwidth  must  be  taken  into  account. 
The  TSS  corresponds  to  a  receiver  output  signal  to  noise 
ratio  of  approximately  8  dB  [12]. 

In  order  to  determine  the  system  dynamic  range,  both 
the  compressive  and  spur-free  dynamic  ranges  need  to 
be  calculated.  These  are  determined  by: 

CDR(dB)  =  PldB  (dBm)  -  MDS  (dB)  (1 3) 

SFDR(dBm.Hz  '*)  =  %  (• TOI  (dBm)  -  EIN  (dBm  I  Hz))  (14) 

TOI  is  the  input  third  order  intercept  point  and  PldB  is 
the  input  ldB  compression  point  to  the  system.  For  the 
case  of  the  link  without  any  amplification,  the 
parameters  TOI  and  PldB  are  referred  to  the  input  of 
the  link  and  are  given  by: 
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In  the  case  of  high  gain  RF  preamplification,  the 
cascaded  system  values  for  PldB  and  TOI  can  be 
determined  from  [13] 
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where  TOIrflna  and  TOI^  are  the  input  third-order 
intercept  points  of  the  RF  low  noise  amplifier  (LNA) 
and  the  IF  amplification  stages  respectively.  PldBRFLNA 
and  PldBip  are  the  input  ldB  compression  points  of  the 
RF  LNA  and  the  IF  stages.  The  conversion  loss  as  a 
function  of  LO  power  was  measured  for  each  channel. 
The  results  for  die  ‘blue’  channel  are  depicted  in  Figure 
4,  along  with  a  fit  to  equation  (2). 
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Figure  4  Conversion  loss  as  a  function  of  LO  power 

Once  the  photonic  section  had  been  characterised,  a 
microwave  LNA  was  included  as  a  preamplifier  in  order 
to  increase  system  sensitivity.  Measurements  were 
taken  on  two  of  the  balanced  channels  for  10  GHz  and 
16  GHz  LO  frequencies  for  the  channels  nominally 
denoted  'blue'  and  'yellow'.  Figure  5  illustrates  several 
required  parameters  for  the  system: 

MDS  and  Noise  figure  (FT),  PldB  and  CDR, 
the  ability  to  parallel  process  spatially  separated  RF 
signals  and  the  reduction  in  efficiency  of  the 
downconverter  with  increasing  frequency.  This  is 
modelled  as  an  increase  in  with  frequency.  This  results 
in  both  increased  conversion  loss  due  to  the  LO 
modulator,  and  also  increased  link  insertion  loss  due  to 
the  RF  modulator's  response.  This  loss  can  be 
compensated  with  the  use  of  an  amplifier  with  a 
frequency  dependent  positive  gain  slope.  MDS  here  is 
defined  as  the  ‘knee’  or  intersection  between  linear  fits 
to  the  noise  floor  and  the  signal  gradient  with  input  RF 
power.  The  nonlinearity  for  small  RF  powers  is  an 
artefact  of  the  DLVA  detection  method  [14].  There  is 
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little  difference  between  the  yellow  and  blue  channel 
conversion  efficiencies  of  these  two  channels.  The 
other  channels  had  typically  ~1  dB  of  variation  due  to 
variable  optical  loss  in  the  optical  multiplexer  and 
optical  components,  as  well  as  the  EDFA  gain  spectrum. 
Table  1  lists  measured  (in  bold)  and  calculated  system 
parameters  for  the  amplified  and  unamplified  links.  For 
comparison,  the  values  for  a  link  with  no  EDFA  are 
included,  illustrating  the  EDFA  as  a  means  of 
improving  system  performance.  The  optical  power  that 
would  be  required  to  achieve  the  same  dynamic  range  is 
also  calculated  in  the  case  of  no  optical  amplification. 
This  illustrates  the  beneficial  employment  of  the  EDFA 
to  provide  sufficient  optical  power. 


DLVA  output  voltage  (mV) 


Figure  5  -  Conversion  efficiency  for  varying  channels 
and  frequency 


LINK 

NO  EDFA 

LINK 

WITH  EDFA  &  RF 
LNA 

MDS 

-29  dBm 

-80  dBm  -  80  dBm 

TSS 

-21  dBm 

-71  dBm  -  71  dBm 

CDR 

55  dB 

56  dB  57  dB 

SFDR 

94  dBHz  ^ 

94  dBHz^ 

NF 

70  dB 

18  dB  18  dB 

B/W 

76  dBHz 

76  dBHz 

Optical  Power 

195  mW 

- 

Table  1  -  System  parameters 
(measured  results  in  bold) 


While  the  system  has  very  competitive  sensitivity  to 
existing  receiver  systems  and  provides  parallel 
processing  functionality,  there  is  room  for  improvement. 
Namely: 

-  Reducing  the  RF  modulators’  halfwave  voltages  for 
fixed  microwave  amplifier  PldB  will  improve 
sensitivity  up  to  the  point  where  the  amplifier 
nonlinearity  is  no  longer  the  dominant  source  of 
compression  in  the  system.  For  this  architecture  the 
compression  points  of  the  link  and  LNA  will  be 
equal  for  a  V„  =  10V  ,  but  the  NF  is  reduced  by  8 
dB. 

-  Increasing  the  EDFA  saturated  output  power  by 
improving  the  design.  Commercial  EDFAs  are 


available  with  a  saturated  output  power  of  +30 
dBm. 

-  Increasing  the  LO  power  to  ~  27  dBm  for  a  fixed 
LO  halfwave  voltage  of  8V  will  result  in  lower 
conversion  loss  up  to  the  theoretical  limit.  This  will 
reduce  the  noise  figure  of  the  system,  and 
Improved  balancing  between  the  arms  of  each 
balanced  receiver  at  the  IF  frequency  will  result  in 
shot-noise  limited  performance. 

Conclusions 

A  four-channel  WDM  optically  amplified 
superheterodyne  receiver  operating  over  1-18  GHz  per 
channel  has  been  demonstrated.  The  system  exhibits  a 
compressive  dynamic  range  of  57  dB  in  a  40  MHz 
detection  bandwidth,  and  a  spur-free  dynamic  range  of 
94  dBHzM.  A  noise  figure  of  18  dB  has  been 
demonstrated  with  a  TSS  of  -71  dBm  referred  to  a  40 
MHz  effective  detection  bandwidth.  Four  channel 
parallel  processing  of  spatially  separate  microwave  RF 
signals  has  been  performed  with  a  single  LO  source. 
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Abstract  :  A  new  technique  for  remote 
upcon version  of  a  100  Mb/s  BPSK  microwave 
subcarrier  signal  is  proposed  and 
demonstrated.  It  is  based  on  the  insertion  of  an 
unbalanced  Mach-Zehnder  interferometer  in  a 
microwave  fiber-optic  link. 

1.  Introduction 


Due  to  the  requirement  of  broadband  services 
and  radio  interfaces,  many  communication 
systems,  such  as  wireless  local  loops,  mobile 
broadband  systems  or  wireless  local  area 
networks,  are  proposing  to  use  the  mm-wave 
radio  technology.  In  this  context,  the  main 
transmission  medium  is  the  optical  fiber 
offering  a  lot  of  advantages,  like  low 
attenuation  and  enormous  bandwidth  [1]. 
Therefore,  various  techniques  for  generating 
optical  signals  at  mm-wave  frequencies,  that 
are  often  beyond  the  bandwidth  of  available 
optical  sources  or  modulators,  have  been 
studied.  Some  of  these  techniques  include 
laser  and  external  modulator  nonlinearities, 
cascaded  linear  modulations,  nonlinear 
photodetection  or  optical  heterodyning  [2-4]. 
We  have  already  presented  a  new  technique 
for  optical-MW  mixing  by  inserting  a  passive 
all-optical  device  in  a  MW  fiber-optic  link. 
Using  a  DFB  laser  diode  (LD)  directly 
modulated  by  two  MW  signals  and  an  UMZ  to 
convert  optical  FM  into  IM,  mixing  and 
consequently  upconversion  is  achieved  after 
quadratic  photodetection  [5].  This  approach 
allows  the  use  of  LD  that  do  not  have  to 
operate  at  high  frequencies  and  requires  a 
simple  UMZ  which  can  be  used  to  realize 
mixing  simultaneously  at  different  optical 
carriers.  Therefore,  it  leads  to  considerable 
cost  savings  and  could  be  advantageously 


inserted  in  the  fiber-radio  systems  that  also 
incorporate  WDM  in  order  to  simplify  their 
network  architecture  ([6-7]). 

In  this  paper,  we  describe  the  UMZ  and 
explain  the  principle  of  optical-MW  mixing. 
Then,  simulations  as  well  as  experimental 
results  concerning  the  upconversion  of  a 
100  Mb/s  binary  phase  shift  keying  (BPSK) 
MW  subcarrier  are  presented  to  demonstrate 
the  interest  of  this  technique. 

2.  UMZ  integrated  on  glass-substrate  for 
optical-MW  mixing 


Figure  1  :  Layout  of  the  integrated  UMZ 
interferometer  circuit  (a)  and  the 
corresponding  frequency  response  (b). 


One  advantage  of  our  technique  is  that  it  relies 
on  a  passive  optical  component  that  can  be 
compact,  low-cost  and  of  easy  fabrication.  For 
example,  an  UMZ  integrated  in  commercial 
glass-substrate  by  Tl+/Na+  ion  exchange  has 
been  fabricated.  This  exchange  process  has 
been  chosen  because  it  provides  high  index 
increase  and  low  curvature  loss.  Therefore, 
spiral  waveguides  with  bend  radius  of  about  5 
mm  could  be  used  as  delay  lines.  The  path 
length  difference  has  been  designed  to  be 
6.3  cm  and  a  compact  device  (1x1.5  cm2)  has 
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finally  been  obtained  (figurel.a).  In  this  way, 
the  integrated  UMZ  has  a  free  spectral  range 
(FSR)  of  3  GHz.  This  can  be  proved  by 
measuring  its  frequency  response  with  a  MW 
network  analyzer  HP8510  and  a  lightwave 
component  analyzer  HP84320A  used  for  E/O 
and  O/E  signal  conversions  (figure  l.b). 

According  to  the  theoretical  analysis,  mixing 
is  issued  from  the  coherent  beating  of  the 
spectral  components  of  the  optical  field 
filtered  by  the  UMZ.  Some  components  can  be 
suppressed  depending  on  their  value  related  to 
the  FSR.  Therefore,  it  has  been  shown  that 
best  mixing  performance  (maximum  power  of 
the  mixing  products  together  with  total 
rejection  of  the  fundamentals)  appears  for 
particular  input  frequency  values  of  the  form 
(2k+l)FSR/2,  keN,  and  that  the  bandwidth  in 
which  the  variation  of  the  mixing  products 
power  is  lower  than  3  dB  is  equal  to  FSR/2 
[5].  Here,  optimal  frequency  bandwidths  of 
input  signals  are  therefore  centered  around 
1.5  GHz,  4.5  GHz,  7.5  GHz... 

As  the  principle  of  optical-MW  mixing  is 
based  on  the  optical  FM/IM  conversion,  it 
directly  depends  on  the  interference  regime  at 
the  UMZ  output  :  mixing  is  optimal  when  the 
conversion  is  the  most  non-linear,  that  means 
at  maximum  or  minimum  of  transmission.  So, 
the  control  of  the  interference  regime  is  very 
important.  A  thermoelectric  cooler  and  a 
thermistor  are  used  to  control  the  temperature 
of  the  glass-substrate  and  thus  to  fix  the  path 
length  difference  at  a  determined  value.  In 
addition,  by  controlling  the  temperature  of  the 
LD,  the  emitted  wavelength  can  be  fixed,  and 
the  interference  regime  can  be  stabilized 
consequently.  The  control  of  the  interference 
regime  is  realized  either  by  varying  the 
substrate  temperature  or  the  emitted 
wavelength  by  tuning  the  bias  or  the 
temperature  of  the  LD. 

3.  Upconversion  of  a  100  Mb/s  BPSK  MW 
subcarrier :  simulations 

Applications  of  our  method  can  be  found  in 
fiber-optic  transmission  systems  to  upconvert 
MW  subcarriers  modulated  by  digital  signals. 


Testing  was  initially  carried  out  through 
simulations  with  the  COMSIS  software.  The 
system  is  shown  on  figure  2.  The  FSR  of  the 
UMZ  is  equal  to  3  GHz.  A  100-Mb/s  NRZ 

'yy 

2  -1  pseudorandom  bit  sequence  modulates 
the  phase  of  the  signal  at  a  frequency 
fRF=  4.45  GHz  with  a  BPSK  format.  The 
power  of  the  modulated  signal  is  Prf=2  dBm. 
A  CW  signal  at  a  frequency  fLo=l-55  GHz  and 
a  power  PLO=-2.5  dBm  is  then  added  and  the 
total  signal  is  applied  to  the  LD.  The  LD  is  a 
conventional  DFB  one,  emitting  2  mW  at 
1.3  |im  and  with  a  linewidth  enhancement 
factor  a=6.5.  The  input  MW  frequencies  have 
been  chosen  close  to  the  optimal  values  but  not 
exactly  equal  to  1.5  GHz  and  4.5  GHz  in  order 
that  their  harmonics  are  different  from  their 
intermodulation  products.  The  goal  is  to 
upconvert  the  MW  subcarrier  around  the 
mixing  frequency  fmix=fRF+fLO=6  GHz.  After 
detection  by  a  PIN  PD  with  a  responsivity  of 
0.7  A/W  and  a  dark  current  of  0.7  nA,  a 
bandpass  filter  selects  this  frequency.  Then, 
the  6  GHz-signal  is  directed  to  an  ideal 
synchronous  BPSK  demodulator  to  recover  the 
transmitted  data. 

FSR  =  3  GHz 


Figure  2  :  Setup  for  upconverting  optically 
transmitted  subcarriers  of  digital  signals. 


In  these  initial  simulations,  the  propagation  in 
the  optical  fiber  or  the  addition  of  noise  by 
optical  amplifiers  eventually  included  in  the 
link  or  at  the  reception  were  not  considered 
since  we  were  first  interested  by  the  effect  of 
the  UMZ  inserted  in  the  optical  link. 

As  it  can  be  seen  on  figure  3,  the  optical  link 
including  the  UMZ  realizes  the  upconversion 
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of  the  MW  subcarrier.  The  spectrum  of  the  LD 
modulation  current  only  contains  the  digital 
signal  around  4.45  GHz  and  the  CW  signal  at 
1.55  GHz.  But,  the  spectrum  of  the  PD  current 
contains  the  digital  signal  upconverted  around 
6  GHz.  By  choosing  correctly  the  interference 
regime,  the  power  at  this  frequency  is 
maximal.  A  strong  rejection  of  the  input  signal 
at  4.45  GHz,  greater  than  15  dB,  is  obtained  in 
the  detected  output  signal.  The  eye  diagram 
after  demodulation  shown  in  the  inset  is  well- 
opened  and  the  digital  signal  is  recovered  with 
no  errors,  confirming  the  fact  that 
upconversion  is  realized  with  minimal 
distortions  by  the  insertion  of  the  UMZ. 


DSP  (dB) 


0123456789  10 


f  (GHz) 

Figure  3  :  Normalized  power  spectrum  of  the 
current  detected  at  the  output  of  the  PD.  The 
inset  shows  the  recovered  eye  without  noise 
added  in  the  transmission  link. 

4  Experimental  results 

The  optical  link  described  above,  with  the 
same  modulation  conditions,  has  been 
implemented  to  demonstrate  the  upconversion 
of  the  4.45  GHz  subcarrier.  A  pattern 
generator  of  a  bit-error-rate  test-set  generates 
the  100-Mb/s  NRZ  223-l  pseudorandom  bit 
sequence.  The  PD  is  directly  followed  by  a 
broadband  amplifier  with  a  gain  of  30  dB.  As 
shown  in  figure  4.  a,  the  spectrum  of  the  LD 
modulation  current  only  contains  the  digital 
signal  around  4.45  GHz  and  the  CW  one  at 
1.55  GHz.  The  insertion  of  the  UMZ  in  the 
optical  link  induces  the  upconversion  of  the 
signal  at  6  GHz  (figure  4.b).  As  expected,  the 


input  signal  at  4.45  GHz  is  well  rejected  :  in 
the  output  spectrum,  the  rejection  is  higher 
than  15  dB.  By  comparing  the  spectra  of  the 
PD  current  when  the  PD  is  placed  at  the  output 
of  the  LD  or  at  the  output  of  the  UMZ,  we 
measured  a  conversion  loss  of  -21  dB.  This 
can  be  easily  improved  with  a  better  coupling 
between  the  input  fibers  and  the  UMZ,  for 
example  by  designing  tapers  on  the  input  and 
output  waveguides. 
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Figure  4  :  Measured  power  spectra  of  LD 
modulation  current  (a)  and  at  PD  output  (b). 

Finally,  all  the  performance  expected  are 
experimentally  verified.  Further  experiments 
incorporating  demodulation  of  the  100  Mb/s 
signal  at  6  GHz  will  be  realized  to  quantify  the 
BER  characteristics  of  this  optical 
upconversion  scheme. 

5.  Conclusion 

The  upconversion  of  a  100  Mb/s  BPSK 
subcarrier  transmitted  on  a  fiber-optic  link  has 
been  successfully  demonstrated  by  using  a 
compact  UMZ  integrated  on  glass-substrate. 
Temperature  control  of  the  device  allows 
optimized  performance  and  stable  response 
and  the  experimental  results  are  in  good 
agreement  with  models.  This  method  can  be 
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applied  any  time  the  modulation  is  frequency 
limited  by  the  bandwidth  of  laser  diodes  or 
external  modulators  thus  limiting  the 
frequency  of  the  subcarrier  transporting  the 
digital  signal.  Thanks  to  the  passive  nature  of 
the  UMZ  used  here,  it  generates  low 
conversion  loss  :  in  our  case,  a  gain  could  even 
be  achieved  by  optimizing  the  coupling 
between  the  optical  device  and  the  input  and 
output  fibers.  It  can  also  be  easily 
implemented  in  WDM  systems.  Finally,  this 
concept  is  efficient,  cost  effective  and  may  be 
applied  to  modem  hybrid  radio-fiber  wireless 
systems. 
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Abstract 

Colliding  pulse  mode-locked  lasers 
operating  at  1.5  pm  were  fabricated  on  a  semi- 
insulating  substrate,  which  should  allow  direct 
modulation  of  the  saturable  absorber  at  a  sub¬ 
harmonic  frequency  using  an  electrical  signal  more 
efficiently. 

Llntroduction 

The  colliding  pulse  mode-locking 
technique  is  a  very  effective  method  for  generating 
optical  pulses  in  the  picosecond  range.  With  the 
saturable  absorber  section  placed  at  the  centre  of 
the  laser  cavity,  two  pulses  are  generated 
simultaneously  in  the  laser  and  collide  in  the 
saturable  absorber,  resulting  in  twice  as  much 
energy  saturating  the  absorber  than  the  gain 
medium  and  leading  to  sharper,  more  stable  pulses 
[1-4],  However,  in  mode-locked  lasers, 
spontaneous  emission  causes  noise  in  the  gain, 
refractive  index  and  photon  density,  which,  in  turn, 
produces  variations  in  the  timing  of  each  mode- 
locked  pulse.  It  degrades  the  timing  resolution  that 
is  essential  for  many  applications.  In  order  to 
linewidth-narrow  these  devices,  injection  locking 
to  an  electrical  signal  at  a  sub-harmonic  frequency 
could  be  used.  However,  so  far,  1.5  pm  CPM 
lasers  have  been  fabricated  on  doped  substrates 
and  so  high  speed  direct  modulation  of  these 
devices  is  problematic  due  to  parasitic  capacitance 
which  increases  the  RC  time  constant. 

Here,  we  applied  the  CPM  technique  to 
produce  pulses  at  a  repetition  rate  of  135  GHz.  For 
the  first  time  to  the  best  of  our  knowledge,  1.5  pm 
CPM  lasers  were  fabricated  on  a  semi-insulating 
substrate  in  order  to  reduce  the  parasitic 
capacitance.  The  reduced  capacitance  will  allow 
direct  modulation  of  the  saturable  absorber  at  a 
sub-harmonic  frequency  using  an  electrical  signal 


more  efficiently.  With  stabilised  pulse  trains,  these 
devices  could  be  also  used  as  sources  to  linewidth 
narrow  sub-THz  or  THz  devices  by  injection 
locking. 

II.  Device  Material,  Design  and  Fabrication 

The  material  used  was  grown  by  the  metal 
organic  vapour  phase  epitaxy  technique  on  a  semi- 
insulating  InP  substrate.  It  has  a  1.2  pm  thick  InP 
upper  cladding  layer  and  an  InGaAs  contact  layer. 
0.2  pm  of  the  upper  cladding  is  an  undoped  spacer 
layer  and  the  remaining  1  pm  is  doped  with  Zn  to  a 
concentration  of  lxlO18  cm'3.  The  lower  cladding 
layer  is  a  1  pm  thick  InP  doped  with  Si  to  a 
concentration  of  2xl018  cm'3.  The  waveguide  core 
contains  five  55A  InGaAs  quantum  wells  with 
120  A  InGaAsP  (Xg  -  1.26  pm,  where  Xg 
corresponds  to  the  bandgap)  barriers  and  is 
completed  by  500  A  of  InGaAsP  (Xg  =  1.18pm) 
and  800  A  of  InGaAsP  (Xg  =  1.1pm)  on  either  side 
of  the  well  region. 

Figure  1  and  2  show  the  schematics  of  the 
structure  of  the  CPM  laser.  It  is  a  ridge  waveguide 
based  structure  with  2  mesas  and  a  3  pm  wide 
waveguide.  The  first  mesa  is  to  make  the  contact 
with  the  n++  layer.  The  second  mesa  is  to  reduce 
the  overlap  of  the  contact  metal  with  the  n++  layer, 
thus  minimising  capacitance.  The  gain  section  is 
610  pm  long,  the  saturable  absorber  section  is 
20  pm  long  and  the  gap  between  the  gain  and  the 
absorber  sections  on  the  waveguide  is  10  pm, 
giving  a  total  cavity  length  of  650  pm..  To  obtain 
good  electrical  isolation  between  the  gain  and  the 
saturable  absorber  sections,  the  highly  doped 
InGaAs  cap  layer  was  removed  from  the  gap 
regions  between  the  sections  using  a  selective  wet¬ 
etching  technique.  The  measured  dc  electrical 
isolation  was  2  k£2. 
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Figure  2  :  Plan  » c hematic  of  a  CPM  laser  on  Sl- 
nibrtrate. 


Figure  1  :  Cross-section  schematic  of  a 
CPM  laser  on  SI  ni)  rtrate. 

III.  Experimental  Results 

The  device  reported  here  has  a  threshold 
current  of  60  mA.  It  can  be  seen  in  figure  3  that  the 
cavity  mode  separation  from  the  lasing  spectrum 
when  both  the  gain  and  the  saturable  absorber 
sections  are  forward  biased  with  70  mA  is 
0.55  nm.  On  application  of  a  reverse  bias  level  of  - 
0.5  V  to  the  saturable  absorber  section  and  a 
forward  bias  of  90  mA  to  the  gain  section,  alternate 
modes  were  suppressed  and  the  mode-spacing  was 
doubled  to  1.10  nm  as  shown  in  figure  4. 
Numerical  simulations  using  a  distributed  time 
domain  model  suggest  that  this  is  sufficient 
evidence  to  indicate  CPM  at  135  GHz.  CPM 
spectra  were  observed  from  this  device  at  reverse 
bias  level  ranging  from  -0.5  V  to  -0.9  V.  As  can  be 
observed  in  figure  4,  the  optical  spectrum  suffers  a 
shift  of  4  nm  to  the  longer  wavelengths  when  the 
absorber  is  reverse  biased  and  become  very 
asymmetric  when  the  laser  is  mode-locked.  These 
effects  may  be  explained  by  self  phase  modulation 
(SPM)  mainly  in  the  gain  section. 


Longer  CPM  lasers  of  similar  structure 
using  similar  material  have  also  been  fabricated. 
The  longer  cavity  length  is  2.2  mm  and  the 
saturable  absorber  is  60  pm  long.  These  long 
devices  have  threshold  current  of  180  mA  with  the 
saturable  absorber  floating.  On  application  of  a 
reverse  bias  level  of  -0.8  V  to  the  saturable 
absorber  section  and  a  forward  bias  of  230  mA  to 
the  gain  section  the  mode  spacing  doubles  from 
0.16  nm,  for  the  saturable  absorber  floating,  to 
0.32  nm,  indicating  CPM  at  a  frequency  of  39 
GHz. 

III.  Further  Work  and  Conclusion 

We  have  achieved  the  fabrication  and 
operation  of  colliding  pulse  mode-locked 
semiconductor  lasers  on  a  semi-insulating 
substrate.  Measurements  of  linewidth  narrowing 
using  an  electrical  signal  at  sub-harmonic 
frequencies  will  be  reported.  Electrical 
measurements  will  be  carried  out  to  obtain  the 
value  of  the  reduced  parasitic  capacitance  and  will 
be  presented. 


Figure  3  :  Spectrum  of  device  fully  forward 
biased  with  75  mA. 


Figure  4  :  CPM  spectrum  of  laser  operated  at 
90  mA  with  -0.5  V  absorber  bias. 
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Abstract 

We  experimentally  investigate  the  dependence  of 
semiconductor  laser  intermodulation  distortions  (IMDs) 
on  fiber  transmission  length.  IMDs  in  fiber  optic  link  are 
degraded  over  transmission  through  dispersive  fiber.  We 
show  that  IMDs  can  be  reduced  and  made  less  dependent 
on  fiber  transmission  length  by  using  injection-locked 
DFB  and  Fabry-Perot  (FP)  semiconductor  lasers. 

1.  Introduction 

Subcarrier  multiplexed  (SCM)  fiber  optic  systems 
with  direct  laser  intensity  modulation  have  many 
applications  such  as  wireless  local  loop,  cable  television 
distributions  and  fiber-radio  systems.  The  direct 
modulation  of  semiconductor  laser  is  a  simple,  low-cost 
approach  for  transmitting  RF-range  subcarriers.  However, 
the  nonlinear  distortions  due  to  semiconductor  laser  non- 
linearities  and  fiber  dispersion  can  severely  degrade 
overall  system  performance  [1], 

Hence,  it  is  needed  to  suppress  semiconductor  laser 
nonlinearities  and  also  to  reduce  IMD  dependence  on 
fiber  length.  As  one  method  for  suppressing  non- 
linearities  of  semiconductor  lasers,  optical  injection 
locking  of  semiconductor  lasers  has  been  widely 
investigated  and  found  very  effective  [2,  3],  The  optical 
injection  locking  scheme  requires  two  light  sources  - 
master  laser  (ML)  and  slave  laser  (SL).  The  light  from 
ML  is  injected  into  SL  and  SL’s  output  is  locked  to  ML. 
Two  major  parameters  for  the  injection  locking  are 
frequency  detuning  -  frequency  difference  between  ML 
and  SL  -  and  injection  power  ratio.  If  the  injection 


locking  conditions  are  satisfied,  improvements  in  laser 
dynamics  such  as  relaxation  oscillation  frequency 
increase  and  frequency  chirp  reduction  can  be  achieved 
[4,  5], 

When  optical  signals  produced  by  a  directly- 
modulated  semiconductor  laser  are  sent  over  fiber,  their 
third-order  intermodulation  distortions  (IMD3)  can  be 
degraded  because  of  the  fiber  dispersion.  There  has 
been  not  much  investigation  on  this  issue  and  we  report 
results  of  our  experimental  investigation  on  the 
dependence  IMD3  degradation  on  fiber  length.  In 
addition,  we  demonstrate  that  IMD3  dependence  on 
fiber  length  can  be  much  reduced  by  using  injection- 
locked  semiconductor  lasers. 

2.  Experimental  setup 

Fig.  1  shows  the  experimental  setup  for  measuring 
IMD3  dependence  on  fiber  length  for  free-running  and 
injection-locked  semiconductor  lasers.  For  injection- 


Fig.  1.  Experimental  Setup 
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locking,  the  external-cavity  tunable  light  source  is  used 
for  ML.  For  SL,  a  commercially  available,  fiber-coupled, 
isolator-free  DFB  (Samsung  SDL-24)  and  FP  (Samsung 
SFL-24,  A\=  ~0.84nm)  lasers  are  used.  Optical  isolators 
with  >50dB  isolation  are  used  to  prevent  light  coupling 
from  SL  to  ML  and  protect  the  SL  against  backreflected 
light  as  shown  in  the  figure.  For  generating  subcarriers, 
SL  is  directly  modulated  by  two-tone  RF  signals  (fl= 
2.80GHz,  f2=2.81GHz)  and,  consequently,  third-order 
intermodulation  products  (IMP3)  at  2fl-f2  (=2.79GHz) 
and  2f2-fl  (=2.82GHz)  are  generated.  Standard  single¬ 
mode  fiber  with  different  length  from  5  to  40  km  is  used 
in  the  experiment. 

3.  Results 
I.  DFB-LD 

For  both  free-running  and  injection-locked  states,  SL 
(DFB-LD)  is  biased  at  15mA  (=1 ,91th)  and  directly 
modulated  by  two-tone  RF  signals.  The  power  level  of 
both  RF  signals  before  Bias-T  is  kept  at  -0.8dBm.  To 
achieve  the  stable  injection-locked  state,  the  frequency 
offset  between  ML  and  SL  was  set  at  4.1GHz,  where 
stable  locking  range  about  5GHz,  and  the  injection  ratio 
at  about  -6dB.  Received  RF  powers  at  the  fundamental 
(f2=2.81GHz)  and  IMP3  (2f2-fl=2.82GHz)  frequencies 
are  measured  while  the  fiber  length  is  varied  in  the 
increment  of  5  km  up  to  40km.  In  this  condition,  the 
IMD3  dependence  on  fiber  length  for  both  free-running 
and  injection-locked  states  is  investigated. 

Fig.  2  shows  an  example  of  the  measured  RF 
spectrum  at  the  fundamental  and  IMP3  frequencies  in  the 
free-running  and  injection-locked  state  after  30Km 
transmission.  IMD3  for  the  free-running  state  is  -9.83 
dBc  (Fig.  2(a))  and  IMD3  for  the  injection-locked  state 
(Fig.  2(b))  is  -19.08  dBc  where  IMD3  is  defined  as  the 
ratio  of  the  power  at  IMP3  frequency  to  the  power  at  the 
fundamental  frequency.  About  9.25dB  reduction  in 
IMD3  is  achieved  by  optical  injection  locking. 

In  Fig.  3(a),  the  received  RF  powers  at  the 
fundamental  and  IMP3  frequencies  are  plotted  for  the 
free-running  and  injection- locked  state  at  various  fiber 
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Fig  2.  Measured  power  spectra  of  the  DFB-LD  directly 
modulated  by  two-tone  RF  signals  after  30km 
transmission  for 

(a)  free-running  and  (b)  injection-locked  state. 

lengths.  Overall,  the  received  RF  powers  at  both 
fundamental  and  IMP3  frequencies  decrease  with 
increasing  fiber  length  and  this  is  due  to  the  fiber  loss 
and  dispersion.  However,  this  reduction  is  smaller  for 
the  injection-locked  state.  IMD3  dependence  on  fiber 
length  is  shown  in  Fig.  3(b).  In  the  free-running  state, 
IMD3  is  -20.1  dBc  back-to-back  and  -6.58dBc  at 
40km  transmission,  which  shows  IMD3  degradation  of 
13.52dB  after  40km  transmission.  In  the  injection- 
locked  state,  IMD3  is  -23.97dBc  back-to-back  and 
-18.81dBc  at  40km  transmission.  The  IMD3  degra¬ 
dation  is  only  5.16dB  in  the  injection-locked  state  and 
its  variation  is  maintained  within  about  5dB  for  the 
entire  transmission  length.  Compared  to  the  free- 
running  state,  the  injection-locked  state  has  12.23dB 
reduction  in  IMD3  for  40km  fiber  transmission. 

II.  FP-LD 

FP-LD  is  used  as  SL  instead  of  DFB-LD  in  order 
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Fiber  Length  (km) 

(b) 

Fig.  3.  (a)  Received  RF  power  at  f2  and  2f2-fl 
(b)  IMD3  when  DFB-LD  is  used  as  SL. 

to  investigate  the  IMD3  dependence  of  FP-LD  on  fiber 
length.  SL  is  again  biased  at  15mA  (=3.3Ith)  and  directly 
modulated  by  two-tone  RF  signals  at  fl=2.81GHz  and 
f2=2.82GHz.  The  power  level  of  both  RF  signals  before 
Bias-T  are  kept  at  -0.8dBm.  In  order  to  achieve  injection 
locking,  one  injection  target  mode  among  FP-LD’s 
multi-modes  is  chosen  and  ML  is  tuned  within  the 
locking  bandwidth.  In  this  experiment,  we  chose  a  side¬ 
mode  located  at  the  shorter  wavelength  side  from  the 
peak  mode  so  that  the  larger  injection  locking  bandwidth 
can  be  utilized  [6],  Since  the  optical  power  of  the 
injection-locked  FP  mode  is  much  smaller  compared  to 
that  of  DFB-LD’s  fundamental  mode,  the  injection 
locking  bandwidth  is  much  larger  for  FP-LD  than  DFB- 
LD.  Hence,  injection  locking  of  FP-LD  can  be  achieved 
more  easily  than  DFB-LD.  The  injection  ratio  between 
ML  and  FP-LD  target  mode  is  about  -0.45dB  and  the 
stable  locking  range  is  about  30GHz. 


Fig.  4  shows  an  example  of  the  measured  RF 
spectra  at  the  fundamental  and  IMP3  frequencies  for 
the  free-running  and  injection-locked  states  after  20km 
transmission.  Fig.  4(a)  shows  IMD3  of-5.7dBc  in  the 
free-running  state.  The  RF  spectrum  of  the  injection- 
locked  state  in  Fig.  4(b)  shows  IMD3  of  -24.2 ldBc. 
18.51  dB  reduction  in  IMD3  is  achieved  with  injection- 
locked  FP-LD.  In  Fig.  5(a),  the  received  RF  powers  at 
the  fundamental  and  IMP3  frequencies  are  plotted  for 
the  free-running  and  injection-locked  states.  In  the 
free-running  state,  the  received  RF  powers  at  the 
fundamental  and  IMP3  frequencies  show  a  significant 
fluctuation,  while  the  received  RF  powers  of  free- 
running  DFB-LD  decrease  monotonously.  The 
fluctuation  shown  by  the  free-running  state  is  related  to 
the  modal  dispersion  of  FP-LD  [7],  Fig.  5(b)  shows 
that  IMD3  variation  for  injection-locked  FP-LD  is 
bounded  within  about  5dB  for  the  entire  transmission 
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Fig  4.  Measured  power  spectra  of  the  FP-LD  directly 
modulated  by  two-tone  RF  signals  after  20km 
transmission  for 

(a)  free-running  and  (b)  injection-locked  state. 
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Fig.  5.  (a)  Received  RF  power  at  f2  and  2f2-fl 
(b)  IMD3  when  FP-LD  is  used  as  SL. 

range,  which  is  quite  comparable  with  that  of  the 

injection-locked  DFB-LD. 

4.  Conclusions 

We  have  experimentally  shown  the  dependence  of 
IMD3  of  directly  modulated  DFB-  and  FP-LD  on  fiber 
length  and  that  IMD3  can  be  reduced  by  optical  injection 
locking  of  both  DFB-  and  FP-LD.  IMD3s  for  free- 
running  semiconductor  lasers  are  degraded  due  to  the 
combined  effect  of  the  semiconductor  laser  nonlinearities 
and  fiber  dispersion.  But,  in  the  injection-locked  case, 
semiconductor  laser  nonlinearities  are  suppressed,  and 
the  influence  of  fiber  dispersion  is  much  reduced.  In  our 
experiments,  12.23  dB  reduction  in  IMD3  for  DFB-LD 
and  20.55  dB  reduction  for  FP-LD  can  be  achieved  with 
injection  locking,  and  IMD3  variation  was  bounded 
within  ~5dB  for  up  to  40km  transmission.  In  addition, 
the  injection-locked  FP-LD  shows  almost  the  same  IMD 
characteristics  as  the  injection-locked  DFB-LD. 


References 

[1]  E.  Peral  and  A.  Y.  Yariv,  “Large-signal  theory  of  the.  effect 
of  dispersive  propagation  on  the  intensity  modulation 
response  of  semiconductor  lasers,”  J.  Lightwave  Technol., 
vol.18,  no.  18,  pp.  84-89,  Jan.  2000. 

[2]  G.  Y.  Yabre  and  J.  L.  Bihan,  “Reduction  of  nonlinear 
distortion  in  directly  modulated  semiconductor  lasers  by 
coherent  light  injection,”  IEEE  J.  Quantum  Electron.,  vol. 
33,  no  7,  pp.  1132-1140,  July  1997. 

[3]  X.  J.  Meng,  T.  Chau,  and  M.  C.  Wu,  “Improved  intrinsic 
dynamic  distortions  in  directly  modulated  semiconductor 
lasers  by  optical  injection  locking,”  IEEE  Trans. 
Microwave  Theory  Techniques,  vol.47,  no7,  pp.  1172- 
1176,  July  1999. 

[4]  R.  Lang,  “Injection  locking  properties  of  a  semiconductor 
laser  with  external  light  injection,”  IEEE  J.  Quantum 
Electron.,  vol.  18,  no  6,  pp.  976-983,  June  1982. 

[5]  G.  Yabre,  “Effect  of  relatively  strong  light  injection  on  the 
chirp-to-power  ratio  and  the  3dB  bandwidth  of  directly 
modulated  semiconductor  lasers,”  J.  Lightwave  Technol., 
vol.  14,  no.  10,  pp.  2367-2373,  Oct.  1996. 

[6]  Y.  Hong  and  K.  A.  Shore,  “Locking  characteristics  of  a 
side-mode  injected  semiconductor  laser,”  IEEE  J. 
Quantum  Electron.,  vol.  35,  pp.  1713-1717,  Nov.  1999. 

[7]  S.  Hunziker  and  W.  Baechtold,  “Fiber  dispersion  induced 
nonlinearity  in  fiber-optic  links  with  multimode  laser 
diodes,”  J.  Lightwave  Technol.,  vol.  9,  no.  3,  pp.  371-373, 
Mar.  1997. 


189 


WE2.11 


Nonlinear  Distortion  Suppression  in  dual  parallel  analog 

modulation  of  DFB-LD 


Hyun-Do  Jung  and  Sang-Kook  Han 

Department  of  Electrical  and  Computer  Engineering,  Yonsei  University, 
Shinchon-Dong,  Seodaemoon-Ku,  Seoul  120-749,  Korea 
Tel:  82-2-361-4016,  Fax:  82-2-361-3565 
E-mail:  skhan@ycmsei.ac.kr 


Abstracts 

A  novel  linearization  method  of  DFB-LD  using  dual-parallel  scheme  is  proposed.  This 
scheme  consists  of  two  different  wavelengths  DFB-LD  and  an  optical  combiner.  By 
controlling  only  the  bias  current  of  LDs,  the  intermodulation  distortion  can  be  suppressed. 
IMD3  suppression  of  more  than  15dB  was  experimentally  obtained. 


Due  to  the  increase  of  mobile 
communication  subscriber  and  the  demand  on  a 
good  quality  service,  it  is  needed  to  unify  the 
wire  and  wireless  communication  networks.  A 
RF  signal  transmission  through  the  fiber  optical 
links  have  been  received  an  increasing  attention 
related  to  these  issues.  The  fiber  optical  links 
are  optimal  for  the  transmission  of  high-fidelity 
signals  for  sub-octave  analog  applications,  such 
as  antenna  remoting  of  cellular/PCS  signals  and 
beam  forming  for  phased  array  antennas.  It  is 
necessary  for  these  systems  to  have  a  high 
linearity  in  order  to  satisfy  the  signal-to-noise 
ratio  at  receiver.  Nonlinear  distortions 
introduced  by  the  directly  modulated  laser 
diode  can  limit  the  performance  of  the  system 
considerably.  In  a  low  RF  frequency  range,  a 


static  distortion  which  is  cause  by  the  nonlinear 
light-versus-current  characteristic  of  LD  is 
dominant.  However,  a  dynamic  distortion  due 
to  nonlinear  interaction  of  electrons  and 
photons  in  the  active  layer  of  laser  diode  is 
dominant  in  high  frequency  range  and  depends 
on  the  modulation  frequency. 

This  dynamic  distortion  limits  a  high 
frequency  operation  of  DFB-LD  near  the 
resonance  peak.  Several  methods  are  proposed 
to  reduce  the  dynamic  distortion  levels.  One 
scheme  uses  the  injection-locking  technique 
which  uses  a  mode-pulling  mechanism 
provided  by  the  external  injection[l].  Another 
scheme  is  the  tailoring  of  the  current-pulse 
shape[2].  A  small  current  step  in  the  leading 
edge  of  the  current  pulse  is  applied  to  reduce 
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the  amplitude  of  relaxation  oscillation,  thus 
reducing  the  distortion  significantly.  However, 
these  techniques  are  rather  complicated  to 
implement  in  the  system. 

In  this  paper,  we  propose  a  novel 
linearization  technique  to  suppress  the 
nonlinear  distortion  of  DFB-LD.  This  scheme 
is  a  simple  and  can  be  implement  easily.  The 
validity  of  the  proposed  scheme  is  confirmed 
through  the  experiments. 

Figure  1  shows  the  proposed  scheme.  This 
scheme  consists  of  two  DFB-LDs  and  an 
optical  coupler.  Originally,  a  dual-parallel 
scheme  have  been  used  in  the  electro¬ 
absorption  modulator[3].  In  the  case  of  EA 
modulator,  a  static  nonlinearity  of  transfer 
curve  causes  RF  signal  distortion.  The  phase  of 
third  order  intermodulation  distortion(IMD3) 
varies  with  a  DC  bias  voltage.  By  controlling 
the  bias  position  of  each  EA  modulator,  the 
phase  difference  of  the  IMD3  can  be  made  out- 
of-phase.  These  out-of-phase  IMD3  signals  are 
combined  to  photodetector  and  the  suppression 
is  realized.  Because  the  system  parameter 
needed  to  be  controlled  is  only  the  bias  position, 
this  scheme  is  very  simple. 


Fig.  1  Proposed  dual-parallel  DFB-LD 
modulation  scheme 


We  have  examined  the  capability  of 
applying  the  dual-parallel  scheme  to  direct 
modulation  of  DFB-LD.  The  experimental 
setup  to  suppress  the  intermodulation  distortion 
is  illustrated  in  Figure  2.  We  used  two  DFB- 
LDs  with  the  wavelength  difference  of  lnm. 
The  two  RF  signals  with  the  input  power  of 
+0dBm  were  applied  to  each  DFB-LD.  The 
output  from  two  DFB-LDs  were  combined  to 
3-dB  optical  coupler  and  connected  to  a  high¬ 
speed  photodetector.  The  RF  amplifier  was 
used  to  increase  detected  RF  signals.  These 
amplified  signals  were  analyzed  by  a  RF 
spectrum  analyzer. 


RF  mint  1 


Fig.  2  Experimental  setup 


For  low  RF  frequency  region,  the  static 
distortion  due  to  the  sub-linearity  of  light- 
verses-current  (L-I)  characteristic  becomes 
dominant.  However,  the  proposed  method 
hardly  affected  the  distortion  signal  level  in  this 
frequency  range.  It  is  thought  that  L-I  curve  of 
DFB-LD  is  very  linear  that  we  expected  in  low 
frequency  region.  In  high  frequency  range,  the 
intermodulation  distortion  due  to  the  nonlinear 
dynamics  of  electron  and  photon  was  large. 
The  bias  current  of  one  DFB-LD  was  fixed  at 
this  IMD3  level  and  that  of  the  other  LD  was 
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swept  for  wide  bias  current  range.  Then,  the 
IMD3  level  was  suppressed  at  certain  bias 
position.  Figure  3  shows  these  results. 


2.17  2.18  2.19  2.2  2.21  2.22  2.23  2.24 


Frequency  (GHz) 

(a)  Single  LD 


2.17  2.18  2.19  2.2  2.21  2.22  2.23  2.24 

Frequency  (GHz) 


(b)  Dual-Parallel  scheme 
Fig.3  Measured  nonlinear  frequencies 

For  two-tone  RF  signals  of  2.2GHz  and 
2.21  GHz,  the  difference  between  fundamental 
signal  and  IMD3  was  12dB  for  single  LD.  In 
the  case  of  dual-parallel  scheme,  the  difference 
was  about  27dB.  Consequently,  the  IMD3 
suppression  of  15dB  was  achieved. 

These  results  can  be  explained  as  follows. 
When  LD  is  amplitude  modulated,  the 
frequency  modulation  is  accompanied.  This 
chirping  by  frequency  modulation  acts  as  a 
dominant  nonlinear  component  at  high 


frequency  range.  The  AM  and  FM  modulated 
optical  wave  is  represented  as 

E=EQ[l  +  M  cos  Qjfmt)]  ■  exp  \f(2ifQt  +  p  si  nQjtfJ)] 

P  =  *Flfm 

(1) 

where  M  is  the  amplitude  modulation  index,  ft, 
is  the  frequency  modulation  index,  and  AF  is 
the  maximum  frequency  deviation. 

The  exponential  function  in  Eq.  (1) 
represents  the  effect  of  FM.  It  can  be  expanded 
by  Bessel  function  as  follows[4] 

E  =  JQ(p)E0  sin(27r/00 

+  Jl(P)EQ  sin[ 2tt(/q  +  fm)t] 
-Jl(p)E0sm[2n(f0-fm)t}  +  -  & 

+  ^ k  ^E0  W0  +  ^ 

+  (~l)k  Jk(P)E0  sin[  2k(/q  - kjm)t ] 

In  eq.  (2)  the  magnitude  of  coefficient  of  each 
term  correspond  to  the  distortion  amplitude. 
The  modulation  index,/?,  varies  with  the  bias 
current.  The  suppression  of  IMD3  in 
experiments  is  thought  that  the  phase  difference 
of  IMD3  between  two  LD  becomes  out-of¬ 
phase  as  p  varies  with  bias  current. 

In  summary,  we  have  proposed  a  novel  dual¬ 
parallel  scheme  for  IMD  reduction  of  directly 
modulated  DFB-LD.  This  method  is  very 
simple  compared  to  the  previously  reported 
schemes  and  only  a  DC  bias  current  controlling 
was  used  to  reduce  the  nonlinearity  of  DFB-LD. 

A  15dB  of  IMD3  reduction  was  obtained 
experimentally. 
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Abstract:  Hybrid  integrated  photoreceiver  modules 
exhibiting  high  performance  at  millimetre-wave 
frequencies  are  demonstrated.  Novel  PIN 
photodiode  plus  amplifier  resonant  modules  and 
injection-locked  oscillators  are  presented  and  their 
potential  performance  in  cellular  system  base 
stations  discussed. 

I.  Introduction 

Broadband  networks  combining  optics  and 
millimetre-wave  electronics  have  been  attracting 
research  interest  for  use  as  backbones  in  future 
mobile/wireless  communications  systems  [1-2]. 
Due  to  the  interest  in  picocellular  systems,  and  the 
large  number  of  remote  base  stations  (RBS)  required 
for  coverage  in  such  systems,  much  research  has 
been  devoted  to  simplifying  the  base  stations.  For 
example,  transporting  a  millimetre-wave  reference 
over  optical  fibre  and  performing  only  the  up-  and 
down-conversion  of  IF/baseband  data  in  the  RBS, 
will  avoid  the  need  for  millimetre- wave  sources  and 
modulators.  High-speed  photoreceivers,  however, 
still  form  an  essential  part  of  the  base  station. 

Microwave  and  millimetre-wave  photoreceivers 
using  PIN  photodiodes  and  amplifiers  have  been 
widely  investigated  in  the  past  [3-7],  including  the 
use  of  hybrid  and  fully  monolithic  technology  [5-7]. 
In  most  cases,  it  has  been  assumed  that  reactive 
matching  only  is  necessary  as  the  photodiode 
behaves  as  a  current  source.  At  lower  frequencies, 
higher  input  impedance  amplifiers  can  be  used  to 
maximise  signal  levels.  At  high  frequencies  this  is 
no  longer  the  case  as  generally  the  current  has  to  be 
delivered  into  a  50-ohm  modular  amplifier. 
Resonant  matching  including  real  part  transformers 
can  improve  receiver  performance.  We  have 
recently  demontrated  this  principle  for  a  photodiode 
plus  amplifier  configuration  in  which  a  2.9  dB 
improvement  in  output  power,  compared  to  an 
idealised  configuration  of  the  same  photodiode  and 
amplifier  without  real-part  matching,  was  obtained 
at  27  GHz  over  a  bandwidth  >lGHz  [8].  An 
alternative  approach  for  photoreceivers  is  the  use  of 
optically  injection  locked  oscillators.  This  type  of 
photoreceiver  is  characterised  by  high  output  power 
but  limited  bandwidth.  Wider  locking  bandwidths 
have  been  achieved  at  low  frequencies  [9],  At  high 


frequencies  this  becomes  very  challenging,  as 
transistors  do  not  provide  as  much  gain  as  at  lower 
frequencies  and  simulations  used  in  the  design 
become  less  accurate.  Also,  the  locking  bandwidth 
is  dependent  on  the  level  of  the  locking  signal,  and 
photodetectors  delivering  large  output  signals,  such 
as  the  phototransistor  used  in  [9],  do  not  have  the 
necessary  bandwidth  to  operate  at  millimetre-wave 
frequencies.  In  this  paper  we  demonstrate  high 
performance  modules  based  on  both  technologies 
and  analyse  their  potential  for  use  in  cellular  system 
RBSs  working  in  the  millimetre-wave  region. 


The  millimetre-wave  modulated  optical  signal  is 
intended  as  reference  signal  and  will  be  used  to 
provide  local-oscillator  (LO)  drive  to  the  up-  and 
down-converter  mixers  in  the  system.  For  minimum 
conversion  loss,  an  optimum  LO  drive  level  of  -2 
dBm  is  recommended.  Considering  that  the 
reference  signal  will  drive  the  up-  and  down- 
converters  simultaneously,  a  1  dBm  output  power 
signal  is  desired.  However,  the  requirement  for  LO 
input  power  is  flexible.  A  margin  of  around  4  dB  is 
available  to  allow  linear  operation  in  the  mixer  at 
the  expense  of  some  minor  degradation  in 
conversion  efficiency  -0.5  dB.  Of  course, 
amplification  of  the  LO  signal  after  reception  using 
the  designed  modules  would  provide  the  required 
drive  level,  but  at  the  cost  of  additional  components 
and  complexity.  With  regard  to  the  LO  operation 
frequency,  broadband  operation  will  allow 
flexibility  in  radio  frequency  allocation  to  the  RBSs. 
This,  however,  is  not  entirely  necessary  as  the  radio 
frequency  can  be  defined  by  varying  the  IF. 


Amplifier  input 


Matching  circiut 


Figure  1.  Schematic  diagram  of  the  photodiode  - 
amplifier  receiver  modules 
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II.  Photodiode  plus  amplifier  modules 

The  basic  design  of  these  modules  is  based  on  a  step 
transformer  and  a  lumped  reactive  element  [8].  A 
schematic  diagram  of  our  photodiode-amplifier 
modules  is  shown  in  Figure  1. 

To  achieve  broader  operating  bandwidth,  the  design 
must  take  account  of  the  effect  on  the  resonant 
frequency  of  the  matching  of  the  real  and  reactive 
parts  of  the  system  together.  The  frequency  response 
of  the  resonant  circuit  is  directly  dependent  on  the 
dimensions  of  the  step  transformer  and/or  the  length 
and  shape  of  the  bondwire,  the  latter  being  more 
critical  as  it  involves  the  reactive  part  of  the  circuit 

When  both  the  real  and  reactive  parts  of  the 
matching  network  are  tuned  at  the  same  frequency  a 
broad  and  flat  passband  characteristic  can  be 
obtained.  This  is  shown  in  Figure  2,  where  for 
comparison  a  passband  characteristic  when  a 
mismatch  between  the  real  and  reactive  parts  is 
present  is  also  shown. 


u 


Figure  2.  Simulated  output  current  vs  frequency  for 
a)  real  and  reactive  matched  and  b)  mismatch 
between  real  and  reactive  parts 

III.  Optically  Injection  Locked  Oscillator 

The  design  of  the  injection  locked  oscillator  ODLO 
is  based  on  a  negative  impedance  technique  with  a 
common  source  configuration  chosen  to  achieve  an 
output  power  sufficient  for  our  system’s 
requirements  [10].  A  schematic  diagram  of  the 
oscillator  is  shown  in  Figure  3. 

For  the  resonator,  an  open  circuit  transmission  line 
was  chosen.  The  end  of  the  microstrip  line  resonator 
was  chosen  as  the  injection  point  since  the  value  of 
the  output  power  is  smallest  at  this  point.  This 
maximises  the  locking  bandwidth,  which  is 
inversely  proportional  to  the  square  root  of  the 
oscillator’s  free  running  output  power  at  the 
injection  point  [11].  Also,  direct  connection  of  the 
photodiode  to  the  resonator  would  stop  the 
oscillation,  as  the  resonator  is  terminated  by  the 
photodiode.  A  mismatched  circuit  was  then 


designed  to  maintain  the  open-end  property  of  the 
resonator  while  allowing  most  of  the  30  GHz  signal 
to  go  through. 

Gate 

Matching  Inductor 


Figure  3.  Circuit  schematic  of  the  millimetre-wave 
optically  injection  locked  oscillator 


IV.  Measurement  Results 

The  performance  of  the  photodiode-amplifier 
modules  and  optically  injection-locked  oscillators 
was  measured  using  a  master/slave  laser  sideband 
injection  locking  system  [12].  Two  photodiode- 
amplifier  modules  were  fabricated.  Both  were 
designed  for  30  GHz  operation.  The  step 
transformers  should  operate  at  this  frequency  with  a 
high  level  of  accuracy.  Much  more  difficult  to 
control  is  the  resonance  of  the  reactive  matching  as 
this  depends  on  bondwire  length.  Module  (a)  was 
found  to  have  a  peak  operating  frequency  of  27  GHz 
and  a  1  GHz  3-dB  bandwidth  see  Figure  4.  Module 
(b)  has  a  shorter  bondwire  length,  about  0.55  mm 
rather  than  0.7  mm,  and  it  was  found  to  operate  at 
29  GHz,  much  closer  to  the  design  frequency.  As 
expected  from  the  discussion  in  Section  II,  this  also 
leads  to  a  much  broader  and  flatter  passband 
characteristic. 


26  27  28  29  30  31  32 

frequency  (GHz) 

Figure  4.  Output  power  response  of  fabricated 
photodiode-amplifier  modules  a)  Module  with  a  0.7 
mm  long  bondwire,  b)  Module  with  a  0.55  mm  long 
bondwire  and  c)  Ideal  response  for  a  commercial 
PD  directly  connected  to  a  50  ohm  modular 

amplifier 
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As  can  be  seen  in  Fig.4,  module  (b)  has  a  3-dB 
bandwidth  of  >3  GHz.  with  a  cut-off  frequency  of 
29.5GHz.  Also,  shown  in  Fig.4  for  comparison  is 
the  ideal  response  that  could  be  obtained  with  a  New 
Focus  photodiode  module  (with  similar  responsivity 
and  bandwidth)  directly  connected  to  a  50-ohm 
modular  amplifier  similar  to  that  used  in  our 
photoreceiver  modules.  In  terms  of  output  power, 
our  matched  photodiode-amplifier  modules  show  an 
improvement  of  2.9  and  2.0  dB  respectively  for 
modules  (a)  and  (b)  on  top  of  the  6  dB  improvement 
that  would  be  expected  by  removing  the  50-ohm 
termination  resistor  in  the  New  Focus  module. 

For  the  OILO,  several  circuits  were  fabricated;  their 
free  running  frequencies  were  in  the  range  from  28 
to  32  GHz  depending  on  circuit  fabrication  variation 
and  the  devices  used.  The  maximum  output  power 
of  the  free  running  oscillator  was  around  5  dBm 
(controlled  by  the  bias  condition).  The  locking 
bandwidth  was  measured  by  varying  the  millimetre- 
wave  modulation  frequency  of  the  injected  signal. 
The  maximum  locking  bandwidth  of  2.6  MHz  was 
achieved  with  lower  oscillation  power  of  -12  dBm. 
Considering  the  application  of  this  approach  to 
photoreceivers  for  the  antenna  unit,  a  trade-off 
between  power  and  locking  bandwidth  is 
unavoidable.  However  according  to  calculations,  a 
theoretical  locking  bandwidth  between  70  and  350 
MHz  should  be  achievable. 

When  comparing  both  technologies  as  alternative 
photoreceivers  modules  for  remote  base  stations  the 
advantages  and  disadvantages  of  either  approach  are 
clear.  The  photodiode  plus  amplifier  modules  have 
sufficient  bandwidth  for  many  millimetre-wave 
communication  applications.  However,  the 
maximum  output  power  (with  optimum  optical 
coupling  and  near  100%  modulation)  from  our 
modules  is  only  -2  dBm,  3  dB  below  the  optimum 
power  necessary  to  drive  the  mixers  on  our  base 
station.  In  addition,  the  RF  output  power  changes 
with  optical  signal  power,  giving  less  tolerance  to 
fibre  distribution  system  variations  as  compared  to 
the  OILO,  as  clearly  seen  in  Figure  5.  With  regard 
to  the  injection  locked  oscillator  presented  here,  the 
main  advantage  lies  in  terms  of  output  power 
(mainly  dependent  on  the  bias  condition),  as  seen  in 
Fig.5.  However,  OILOs  operate  only  over  a  very 
restricted  locking  bandwidth  -  the  potential 
bandwidth  of  our  oscillators  is  only  a  few  hundred 
megahertz  -  with  their  being  a  trade-off  between 
locking  bandwidth  and  output  power. 

The  plots  shown  in  Figure  5  have  been  obtained  as 
follows:  Curve  (a)  shows  the  insensitivity  of  the 
OILO  output  power  to  variations  in  locking  signal 
level  -  the  latter  has  been  plotted  in  terms  of  the 
incident  optical  power  level 


-6  -4-2  0  2 

Injected  optical  power(dBm) 


Figure  5  Comparison  of  RF  output  power 
dependence  on  incident  average  optical  power  for 
a)  the  optically  injection  locked  oscillator,  b)  PD  + 
amplifier  module  at  0V  and  c)  PD  +  amplifier 
module  at  -IV  and  maximum  modulations  index 


These  results  were  obtained  with  a  millimetre-wave 
modulation  depth  of  83.7%  and  an  optical  coupling 
arrangement  giving  280  p.A  photocurrent.  The 
output  power  of  the  matched  photodiode-amplifier 
module  for  the  same  optical  signal  conditions  and 
with  the  photodiode  unbiased  is  shown  as  curve  (c). 
Curve  (b)  shows  the  output  power  of  the 
photodiode-amplifier  module  when  the  millimetre- 
wave  modulation  depth  is  increased  to  87%,  the 
optical  coupling  is  optimised  and  a  -1  V  bias  is 
applied  to  the  photodiode.  As  yet,  we  have  not 
reproduced  similar  conditions  for  measurement  of 
the  OILO,  but  we  would  again  expect  little  change 
in  output  power. 

Conclusions 

In  summary  we  have  demonstrated  high 
performance  broadband  and  narrowband  hybrid 
photoreceivers  in  the  millimetre-wave  region. 
Highly  efficient  broadband  photodiode  plus 
amplifier  modules  and  high  output  power  injection 
locked  oscillators  in  the  millimetre-wave  region 
have  been  accurately  designed  and  tested.  Their  use 
in  remote  antenna  units  for  pico-cellular  mobile 
communications  has  also  been  discussed.  A  system 
demonstrator  using  the  photodiode  plus  amplifier 
approach  is  currently  under  construction. 

Acknowledgments 

This  work  was  funded  by  the  Optoelectronic 
Systems  Programme  of  the  UK  Engineering  and 
Physical  Sciences  Research  Council.  We 
acknowledge  useful  discussions  with  our 
collaborators  in  this  project  at  UCL,  BT  and  Nortel 
Networks.  The  photodiodes  were  supplied  by  David 
Wake,  BT.  Luis  Gomez-Rojas  is  partly  supported 
by  the  EU’s  ERDF. 


196 


WE2.12 


References 

[1]  D.  Wake,  L.D.  Westbrook,  N.G.  Walker,  and 
L.C.  Smith, ’Microwave  and  millimetre-wave 
radio  fibre’,  BT  Technol.  J.,  vol.ll,  pp.76-88, 
April  1993 

[2]  N.  Imai,  H.  Kawamura,  K.  Inagaki, 

Y.Karasawa,  “Wide-band  Millimeter- 
wave/optical-network  applications  in  Japan,” 
IEEE  Trans.  Microwave  Theory  Tech.,  vol.  45, 
pp.  2197-2207,  Dec.  1997 

[3]  M.  Marin,  D.F.  Hewitt,  P.K.  Lee,  and  R.S. 
Tuckee,  ‘Low  noise  tuned  optical  receivers 
using  commercial  50ohm  modular  microwave 
amplifiers’,  Electron  Lett.  Vol.  27,  No  15,  July 
1991,  pp.1378-1379. 

[4]  T.  Darcie,  L.B.  Kasper,  J.R.  Talman,  and  C.  Jr 
Burrus,  ‘Resonant  p-i-n-FET  receivers  for 
lightwave  subcarrier  systems’,  J.  Lightwave 
Technol.,  Vol., 6,  No.  4,  April  1988,.  pp  582  - 
589 

[5]  J.Y.  Liang,  and  C.S.  Aitchison,  ‘The  noise 
performance  of  20  GHz  optical  receivers  using  a 
distributed  amplifier  and  P-I-N  photodiode 
combination  with  matched  and  unmatched  input 
terminations  wire  bonding  and  flip  chip’,  1996 
IEEE  MTT-S  Inti.  Microwave  Symposium,  San 
Francisco  Ca,  vol.  2,  June  1996  pp.  903-906. 

[6]  A.  Iqbal,  and  I.Z.  Darwazeh,  ’Transimpedance 
gain  modelling  of  optical  receivers  employing  a 
PIN  photodiode  and  HBT  distributed  amplifier 
combination’  1EE  Colloquium  on 
Opto-electronic  interfacing  at  microwave 
frequencies.  1999,  London,  p  3/1-3/9. 

[7]  Y.  Baeyens,  A.  Leven,  W.  Bronner.  V.Hurm, 
R.  Reuter,  K.  Kohler,  J.  Rosenzweig,  and  M. 
Schlechtweg,  ‘Millimetre-wave  long- 
wavelength  integrated  optical  receivers  grown 
on  GaAs’,  IEEE  Photonics  Tech.  Lett.,  July 
1999,  Vol.  11,  No  7,  pp  868-870. 

[8]  L.  Gomez-Rojas,  N.J.  Gomes,  X.  Wang,  P.A. 
Davies  and  D.Wake.’High  performance  optical 
receiver  using  a  PIN  photodiode  and  amplifier 
for  operation  in  the  millimetre-wave  region’ 
submitted  to  the  3Cfh  European  Microwave 
Conference  EUMW2000,  Paris,  2-6  October 
2000 

[9]  D.  Sommer  and  N.  J.  Gomes,  “  Wide-locking 
bandwidth  optically  injection-locked 
oscillators:  S-parameter  design  and  modulation 
effects,”  IEEE  Trans.  Microwave  Theory  Tech., 
Vol.  43,  pp.  1424-1434,  July  1995 

[10]  X.  Wang.  N.J.  Gomes,  L.  Gomez-Rojas,  P.A. 
Davies,  and  D.  Wake  ‘30GHz  Microstrip 
HEMT  oscillator  using  indirect  optical 
injection  locking’.  Accepted  for  presentation  at 
the  IEEE  Microwave  Theory  and  Techniques, 
Inti.  Microwave  Symposium  2000,  Boston,  MA, 
11-16  June  2000 


[11]  R.  Adler,  “A  study  of  locking  phenomena  in 
oscillators,”  Proceedings  of  the  I.R.E.  Waves 
and  Electrons,  pp.  351-357,  Aug.  1946 

[12]  D.  S.  George,  N.  J.  Gomes,  P.  A.  Davies  and 
D.  Wake,  “Further  observation  on  the  Optical 
generation  of  Millimeter-wave  signals  by 
Master/Slave  laser  sideband  injection  locking,” 
International  Topical  Meeting  on  Microwave 
Photonics.,  Digest,  Post-deadline  papers,  pp5- 
7,  Duisburg/Essen,  Germany,  Sep.  1997. 


197 


WE2.13 


An  X-Band  Balanced  Optical  Hybrid  Mixer  for  p-Wave  Optical  interconnect  in 
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Abstract 

In  the  following  contribution  an  X  Band  Hybrid  Electro 
Optical  Mixer  for  a  Photonic  Microwave  Receiver  is  de¬ 
scribed.  The  application  of  balanced  hybrid  mixer  in  the  in 
the  Phased  Array  Radar,  Communication  system  and  ESM 
receiver  will  reduce  overall  loss  and  hence  the  cumulative 
noise  figure  of  the  system  and  thus  enhance  the  spurious 
free  dynamic  range  of  the  receiver. 

Introduction 

The  requirements  in  wide  bandwidth,  immunity  to  EMI 
and  conformality  will  soon  reach  the  limits  of  conven¬ 
tional  microwave  distribution  techniques.  The  microwave 
photonic  distribution  technologies  will  provide  the  need  of 
the  next  generation  of  shared,  conformal  aperture,  active 
phased  array  antennas  for  communication,  ECM.  ESM 
and  Radar  systems.  The  adaptation  of  photonic  technique 
in  the  microwave  environment  will  only  be  possible  if  the 
photonic  technologies  over  come  the  following  hurdles: 
The  industrialisation  of  microwave/optical  component, 
reduction  of  high  production  cost,  an  easy  optical  snap  in 
interconnection  technique  and  increased  Spurious  Free 
Dynamic  Range  (SFDR)  of  the  photonic  microwave  re¬ 
ceiver. 

At  present  the  stringent  requirement  of  SFDR  can  only  be 
achieved  by  using  sophisticated  optical  components  (i.e. 
Very  low  Relative  Intensity  Noise  Laser  with  very  high 
Third  Order  Intercept  point  and  low  loss  optical  true  time 
delay  unit).  The  use  of  optical  hybrid  mixer  promises  to 
reduce  significantly  some  of  problems  associated  with 
conventional  link. 

Photonic  Distribution  Network  (In  the  Receiver  Con¬ 
figuration) 

The  schematic  below  shows  a  conventional  receive  path, 
which  may  consist  of  a  single  T/R  module  or  a  sub-array 
followed  by  a  low  noise  amplifier.  The  received  RF  signal 
is  then  converted  to  Optical  signal  directly  (Laser  intensity 
modulation)  or  externally  (Mach  Zchnder  Modulator). 
Since  the  array  requires  thousand  or  more  such  converters, 
cost  becomes  the  major  issue  and  enforces  the  use  of  di¬ 
rect  Laser  modulation,  although  the  Mach  Zehnder 
Modulator  is  superior  in  respect  to  Dynamic  Range, 
Modulation  Bandwidth,  Link  gain  and  Noise  Figure.  The 
modulated  optical  signal  is  then  feed  to  an  optical  network 


(i.e.  True  Time  Delay  Unit)  and  then  reconverted  in  to  RF 
signal  by  a  PIN  photo  diode,  followed  by  a  low  noise  RF 
amplifier  .The  RF  signal  is  then  down  converted  to  an  IF 
signal  by  a  microwave  mixer  for  further  signal  processing. 


Figure  1:  Schematic  View  of  a  Conventional  Receive 
Path 


Typical  System  Parameter  of  a  Conventional  Receive 
Path 

Set  Parameter:  Laser  RIN  -140  dB/Hz,  Coupled  modu¬ 
lated  optical  power  3mW,  TTD  loss  5  dB  Optical, 

100  Hz  Bandwidth,  Mixer  Conversion  Loss  7  dB  and 
50  Q  broad  band  optical  links  with  -30  dB  loss. 

Designed  System  Parameter  that  can  be  obtained:  Cumu¬ 
lative  Gain  of  25dB,  Cumulative  Noise  Figure  of  16  dB 
and  the  Resulting  Noise  Floor  of  -113  dBm  in  100  Hz 
bandwidth. 

The  above  Parameter  can  only  be  improved  if  one  of  the 
following  set  parameter  is  changed: 

Reduce  Laser  RIN  -140  dB/Hz  to  -160  dB/Hz,  which  will 
improve  Cumulative  Noise  Figure  by  7dB,  the  Resulting 
Noise  Floor  by  -122  dBm  and  Cumulative  Gain  remain  at 
25dB. 

Or  reduce  Optical  Link  Loss  to  -20dB,  which  will  im¬ 
prove  Cumulative  Noise  Figure  by  7dB,  the  Resulting 
Noise  Floor  by  -122  dBm  and  increase  Cumulative  Gain 
to  35dB. 

This  paper  describes  the  method  for  reducing  Optical  link 
loss  as  Laser  with  low  RIN  value  and  a  high  TOI  Point  is 
not  a  practicable  or  economical  solution  for  the  receiver 
application. 

The  link  loss  can  be  reduced  by  reducing  R,„  and  increas¬ 
ing  of  the  optical  link.  For  broad  band  applications 
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this  can  be  achieved  by  using  low  output  impedance 
HEMT  impedance  converting  amplifier  as  Laser  driving 
circuit  and  high  input  impedance  coplanar  amplifier  or 
transimpedance  stage  as  detection  circuit.  Such  amplifier 
for  detector  circuits  in  X  band  are  in  development  stage 
and  will  be  available  in  few  years  for  commercial  uses. 

Proposed  Balanced  Mixer  configuration 
In  Figure  2.  Proposed  mixer  configuration  is  shown  .The 
mixer  consist  of  a  low  output  impedance  (ca.  12,5  ohm) 
p  /mm  wave  amplifiers  which  feeds  the  LO  signal  to  the 
junction  of  cathode  of  PD1  and  anode  of  PD2,  the  two 
PIN  or  MSM  photo  diodes  as  shown  below.  Advantage  of 
this  configuration  is  that  only  a  few  components  are  re¬ 
quired.  The  physical  size  of  photo  diodes  can  be  relative 
large  (easy  coupling)  as  frequency  response  associated 
with  the  charging  and  discharging  of  the  junction  capaci¬ 
tance  plus  parasitic  capacitance  has  only  to  be  considered 
for  the  IF  band.  The  optical  signal  ,which  is  intensity 
modulated  with  received  p  /mm  wave  signals  is  spirited 
via  an  optical  power  divider  and  feed  to  the  photo  diodes. 
The  intermediate  frequency  is  amplified  by  a  transimped¬ 
ance  amplifier(receiver  output  impedance  does  not  have  to 
be  50Q,  gain  and  bandwidth  can  be  selected  as  required.  . 
The  band  stop  filter  symbolized  by  Ziow  and  Zlligh  ensure 
proper  LO  matching(Zhigh  may  be  used  to  compensate 
PD’s  Capacitance).  The  Isolation  between  LO  and  RF  is 
ideal.  Lastly  this  configuration  increases  the  relative  gain 
by  3dB  as  the  Laser  intensity  can  be  doubled  without 
increasing  any  side  effect. 


M  t 

"4111 

RF  LO  IF 

Phaser  cJayam 
for  signal  corrpooerts 


Figure  2:  Schematic  view  of  a  Balanced  Optical  p/mm- 
wave  mixer 


Experimental  Setup  and  Results 


Figure  3:  Measurement  Setup 


An  experimental  microwave  down-converting  electro 
optical  link  with  InGaAs  PIN  photodiode  (  Epitaxx  25  B) 
was  realised  as  shown  in  Figure  3. The  mixing  process  was 
established  by  modulating  the  carrier  drift  velocity  by  LO 
signal. 

To  evaluate  the  characteristic  of  the  PIN  diode  a  sets  of 
measurements  were  made.  From  the  measured  data  a  non 
linear  equivalent  circuit  was  developed.  The  circuit  model 
will  assist  to  develop  and  optimise  the  proposed  balanced 
optical  g-wave  mixer. 


Figure  4:  Measured  Optical  Link  RcsponseParameter 
is  Reverse  Bias  of  the  Photodiode 
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Figure  5:  Down  Converted  Optical  Link  signal  with 
External  Mixer 

(Conversion  Loss  =  5dB) 
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Figure  8:  Relative  Conversion  Loss  vs.  LO  Power 

FRF  =  9.21  GHz  and  FLO  =7.  31  GHz 

The  figure  4  shows  the  direct  RF  detection  response  of  the 
link  in  respect  to  the  diode  reverse  bias  voltage.  For  refer¬ 
ence  the  optical  link  output  signal  was  feed  to  an  external 
mixer  which  exhibits  a  conversion  loss  of  5  dB  and  was 
recorded  in  the  figure  5.  The  figure  6  shows  the  saturated 
down  converted  signal  of  the  electro-optical  mixer,  the 
increase  noise  floor  with  respect  to  the  figure  7  is  due  to 
an  external  power  amplifier  .which  was  used  to  increase 
LO  signal  level  by  2dB.  The  figure  8  shows  the  relative 
conversion  loss  vs.  LO  power  ,  the  conversion  loss  value 
of  figure  7  was  taken  as  the  reference  level.  The  black  line 
is  the  theoretical  prediction  from  simple  model  without 
considering  saturation  velocity  or  clipping  due  to  transi¬ 
tion  in  to  photovoltaic  mode. 


Figure  6:  flWave  /  Optical  Down  Converted  Signal- 
Relative  Conversion  Loss  4  .4dB 

FLO  =9.21GHz,  +27dBm;  FRF  =7.31GHz  (-33dBm) 


Figure  7:  pWave  /  Optical  Down  Converted  Signal 
Relative  Conversion  Loss  6  .2dB 
FLO  =9.21GHz,  +25dBm;  FRF  =7.31GHz  (-33dBm) 


A  Brief  Model  Description 
Photo  conductive  Mixing 

The  following  theory  assumes  that  the  PIN-Diode  i-zone 
is  completely  illuminated  and  illumination  is  parallel  to 
the  junction  [7],  §13  Fig.  13c/. 

The  homogeneous  carrier  density  along  the  slab  due  to  the 
perpendicular  illumination,  is  given  by 


(1) 


dn  _ 
dt 

G  = 


-I/  +G 

/T 


opt 


1 


hv  WLD J 


V 


1 


opt 


ho  WLD 
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and  the  associated  photo  current  is 

quWD 

(2)  lp  =  qjunE  ■  WD  =  —  n  ■  V . 

Introducing  the  normalised  carrier  density 


As  usual,  the  Heaviside  step  function  should  be  imple¬ 
mented  as  some  “soft”  function  like 

(9)  H(x)*^[l  +  tanh(/jx)], 

where  h  models  the  gradient  of  the  step  function. 


(3) 


qfiWD 

v  =  — - n. 


the  photo  current  and  the  normalised  carrier  density  can 
be  written  as 


A  first  implementation  of  (8)  and  (9)  however  indicates, 
that  the  transition  into  the  photovoltaic  mode,  i.e.  V  >  0 
must  be  taken  into  account  as  well,  for  example,  in  order 
to  model  effects  like  saturation  of  conversion  loss. 


(4)  lp  =  V-V 


(5) 


dv 

X - bV 

dt 


EL  p  EL 

ho  opt  L2 


K-P 


opt  ■ 


where  the  parameter  K  incorporates  physical,  geometric 
and  material  parameters  of  the  PIN-diode  and  the  illumi¬ 
nating  light 

For  simplicity  it  is  assumed  that  the  carrier  lifetime  is 
much  smaller  than  the  time  scale  of  optical  power  varia- 

•  ■  dv  . 

tion.  i.e.,  a  steady  state  approximation  — —  =  U  is  made. 

dt 

This  leads  to  the  quasi-static  solution 


y(t)  =  K-Pv[t), 


Conclusion 


We  have  demonstrate  conversion  loss  of  4.4  dB  of  an  X- 
band  optro-electric  hybrid  mixer.  The  measured  value  is 
better  than  a  conventional  mixer.  The  relative  conversion 
loss  was  improved  by  another  6  dB  with  transimpedance 
output  stage  ( at  100  MHz  IF),  which  corresponds  to  total 
improvement  of  nearly  7  dB  of  link  loss  relative  to  direct 
detecting  conventional  link  .  The  theoretical  model  of  the 
photo  conductive  mixing  process  was  developed  and  the 
experimental  values  are  in  agreement  with  theoretical 
simulation.  It  can  be  concluded  that  by  reducing  the  link 
loss  in  a  photonic-microwave  receiver  by  using  electro- 
optical  hybrid  mixer  will  fulfil  the  specification  in  respect 
to  its  noise  figure,  resulting  noise  floor  and  spurious  free 
dynamic  range.  A  balanced  electro-optical  mixer,  which 
will  be  realised  soon  with  currently  available  commercial 
components 


With  this  approximation  the  intrinsic  photo  current  lp  can 

be  implemented  easily  as  a  simple  multiplier  in  a  non¬ 
linear  circuit  simulator  like  ADS  [8]. 

The  limit  of  validity  can  be  estimated  from  (5),  which  can 
be  rewritten  as 

(7)  (1  +  sx)-v{s)  =  K-Popt{s) 

in  the  Laplace  domain  and  leads  immediately  to  the  limit 
on  «  1  for  the  quasi-static  formulation  (6). 

Saturation  Velocity 

For  high  electric  fields  the  linear  relation  juE  in  (2)  will 
be  clipped  by  the  saturation  velocity  of  carriers.  This  can 
be  considered  by  means  of  a  “clipping”  voltage  in  (4)  and 
(6),  respectively,  such  that 

(8)  v  =  v,+<y-vc)-Hty-vc). 


Glossary 

E  electric  field  inside  i-slab 

G  generation  rate  of  electron-hole  pairs 

H  Heaviside  step  function 

L  length  of  uniformly  illuminated  i-slab 

n  density  of  electrons 

Popt  instantaneous  optical  power  incident  on 

photoconductor 
q  elementary  charge 

V  voltage  across  i-slab 

l/c  clipping  voltage 

s  Laplace  variable 

WD  cross  section  of  uniformly  illuminated  i-slab 
lj  quantum  efficiency 

h  v  energy  of  incident  light 

l o  angular  frequency  of  light  intensity  modulation 

fj.  electron  mobility 

v  normalised  carrier  density 

x  carrier  lifetime 
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Abstract 

We  describe  microwave  signal  generation  and 
digital  modulation  by  optoelectronic  mixing  in 
a  single  InGaAs  /  InP  heterojunction  bipolar 
phototransistor.  Modeling  and  experimental 
verification  are  demonstrated  for  10  and 
45  GHz  signals  modulated  at  rates  up  to  2.5 
Gb/s. 

Introduction 

Heterojunction  bipolar  photo-transistors 
(photo-HBT’s)  can  serve  simultaneously  as 
optically  controlled  microwave  signal 
generators  and  as  modulators.  The 
optoelectronic  mixing  process  in  photo-HBT’s 
has  been  previously  characterized  [1-3]  and 
used  in  various  configurations  for  applications 
related  to  analog  radio  on  fiber 
communication  [4],  phased  arrays  [5]  and  laser 
locking  in  WDM  systems  [3]. 

This  paper  describes  an  advanced  microwave 
source  based  on  mixing  of  two  optical  signals 
in  a  photo-HBT  and  simultaneously  applying  a 
digital  modulating  signal  to  the  base.  The 
proposed  configuration  may  act  as  part  of  a 
transceiver  system  in  which  the  base-band 
digital  information  is  imprinted  on  a 
microwave  carrier  which  is  generated  by  an 
optical  signal  transmitted  from  a  distant 
control  station.  The  experimental 
configuration  is  shown  in  Fig.  1.  A  1.55pm 
DFB  laser  is  externally  modulated  at  a 
frequency  Af  /  2  with  the  modulator  biased  at 
Vn  in  order  to  suppress  the  optical  carrier  [6]. 
The  optical  signal  coupled  to  the  HBT  consists 
then  of  two  side  bands  separated  by  Af  which 


is  the  generated  carrier  frequency. 
Simultaneously,  a  pulse  pattern  generator 
drives  the  base  so  that  the  collector  current 
comprises  a  digitally  modulated  microwave 
signal.  The  photo-HBT  is  biased  so  as  to  keep 
it  in  the  active  mode  ensuring  the  most 
efficient  photo  mixing  performance  and 
distortionless  modulation  .  The  output  signal  is 
characterized  by  a  spectrum  analyzer  and  for 
time  domain  measurements,  it  is  down 
converted  to  base-band  using  homodyne 
detection. 


0-7803-6455-4/00/$1 0.00  ©  2000  IEEE 
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Model 

The  dual  role  of  the  photo-HBT  as  an 
optoelectronic  mixer  and  digital  modulator 
requires  a  device  model  which  considers  all 
inherent  nonlinear  mechanisms.  It  is  based  on 
the  large  signal  Tt-model  (shown  in  Fig.  2)  to 
describe  the  emitter-current  dependence  of  the 
dynamic  emitter  resistance.  It  is  similar  to  the 
conventional  charge  control  large-signal  model 
in  the  linear  operating  regime.  The  main 
components  are:  1)  a  nonlinear  input 

Capacitance  Cn =  Cbe_dep]etion  +  Cbe_diffussion= 
Cbe+  (Xf/Nf/V T)Ts-exp(Vbe(t)/Nf/V T),  where  xf  is 
the  forward  delay  time,  Nf  the  base-emitter 
diode  ideality  factor  and  Vt  the  thermal 
voltage  (the  base-collector  and  base  emitter 
depletion  capacitance,  Cbe  and  Cbc,  are 
assumed  to  be  constant),  2)  a  current  gain  po, 
3)  an  additional  current  source  between  the 
collector  and  the  base  representing  the  induced 
photo-current  and  shot  noise  produced  during 
the  detection  process.  The  HBT  model  is 
described  as  a  two  port  network  characterized 
by  two  differential  equations.  The  HBT  model 
is  then  embedded  into  the  experimental  setup, 
which  is  also  represented  by  differential 
equations  stemming  from  basic  Kirchoff  laws. 
The  equations  are  solved  numerically  using  the 
MATLAB  /  SIMULINK  software  package. 
The  parameters  used  in  the  simulations  were 
extracted  from  DC  and  S-parameter 
measurements. 


I  opt  (0  1  shot  _  noise  W 


Fig.  2:  HBT  large  signal  II-model 


Results 

The  first  experimental  results  we  show  is  the 
spectrum  of  a  10  GHz  carrier  modulated  by  a 
pseudo  random  bit  pattern  at  300  Mb/s  with  a 
word  length  of  223-l  at  Vbe=0.73V  and 
Vce=1.5V.  The  average  optical  power  was 
-2  dBm  and  the  modulating  signal  (data 
stream)  power  was  -28  dBm.  In  Fig.  3  we 
compare  a  measurement  of  the  averaged  power 
spectrum  (shown  in  a  bold  line)  to  a  calculated 
spectrum.  The  predicted  shape  sine2  (f  /  B),  B 
being  the  bit  rate,  is  clearly  seen  in  both  cases. 
We  also  observe  that  both  measurements  and 
simulations  show  different  gain  levels  of  the 
high  and  low  frequency  side  lobes.  This  is  due 
to  different  effects  of  the  input  network  on  the 
amplitudes  and  phases  of  the  high  and  low 
frequency  components  of  Vbe(t).  We  have 
observed  experimentally  and  verified 
numerically  that  this  asymmetric  behavior 
increases  with  the  modulation  rate. 


Fig.  3:  Measured  and  calculated  300  Mb/s 
modulated  spectrum  at  10  GHz  carrier 
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Optical  power  at  HBT  window  (dBm) 

Fig.  6:  BER  measurement  at  different  bit 
rates,  B,  (in  GHz)  at  10  GHz  carrier 


Optical  power  at  HBT  window  (dBm) 

Fig.  7:  BER  measurement  at  different 
carrier  frequency 


optoelectronic  mixer,  Journal  of  Lightwave 
Technol.,  16,  pp.605-609,  1998. 

[3]  J.  Lasri,  P.  Goldgeier,  V.Sidrov,  D.Ritter, 
M.Orenstein,  G.  Eisenstein,  Y.  Betset,  Y. 
Satubi,  Frequency  Locking  at  50  GHz 
Spacings  Using  Optoelectronic  Mixing  in 
Photo-Heterojunction  BipolTransistors,  IEEE 
Photonic  technolog.  Lett.,  11,  pp.  1298-1300, 
1999. 

[4]  C.  Gonzales,  J.  Thuret,  J.L.  Bechimol  and 
M.  Riet,  InP/InGaAs  bipolar  phototransistors 
as  front-end  photoreceivers  for  HFR 
distribution  networks,  Technical  Digest  of 
Microeave  Photonics  1999,  pp.35-38. 

[5]  D.  C.  Scott,  D.  V.  Plant,  and  R.  Fetterman, 
60  GHz  sources  using  optically  driven 
heterojunction  bipolar  transistors,  Appl.  Phys. 
Lett.  Vol.  61,  no.  1,  July  1992. 

[6]  J.J.  O’Reilly,  P.M.  Lame,  R.  Heidemann, 
R.  Hofstetter,  Optical  generation  of  very 
narrow  linewidth  millimeter  wave  signals, 
Electron.  Lett.,  28,  pp.2309-2311,  1992. 


References 

[1]  J.  Lasri,  Y.  Betser,  V.  Sidrov,  S.  Cohen,  D. 
Ritter,  M.  Orenstein,  G.  Eisenstein,  HBT 
Optoelectronic  Mixer  at  Microwave 
Frequencies:  Modeling  and  Experimntal 
Characterization,  Journal  of  Lightwave 
Technol.,  17,  pp.  1423-1428,  1999. 

[2]  Y.  Betser  and  D.  Ritter,  C.P.  Liu  and  A.J. 
Seeds,  A.  Madjar,  A  single  stage  three 
terminal  heterjunction  bipolar  transistor 


206 


WE2.15 


High  Frequency  and  Broadband  Signal  Measurements  by  Ultrafast  Opto-Microwave  Intermixing  and 

Sampling 

Wei-lou  Cao,  Min  Du,  and  Chi  H.  Lee 

University  of  Maryland,  Department  of  Electrical  and  Computer  Engineering,  College  Park,  MD  20742,  USA 
Tel:  (301)405-3729,  Fax:  (301)314-9281,  Email:  wlcao@eng.umd.edu 
Nicholas  G.  Paulter 
NIST,  Gaithersburg,  MD,  USA 


Abstract 

Low  frequency  replication  (600  kHz  to  18 
MHz)  of  a  high  frequency  waveform  (1  GHz  to  30 
GHz)  was  achieved  using  a  photoconductive-based 
optical-microwave  (OM)  sampler.  This  OM  sampler 
performs  better  than  a  20  GHz  digitizing  sampling 
oscilloscope  and  is  also  superior  to  the  standard  pump 
and  probe  systems  with  orders  of  magnitude 
improvement  in  data  acquisition  rate. 

I.  Introduction 

As  electronic  signals  move  to  higher 
frequencies  and  wider  bandwidths,  there  is  need  for 
new  methods  of  measuring  these  high- 
frequency/high-speed  (tens  of  GHz)  and/or  high  bit 
rate  (tens  of  GBs/s)  signals[l-3].  In  this  work,  critical 
technical  issues  associated  with  the  design  of  a 
rugged,  compact,  "real-time"  sampling  system  using 
photoconductive  switches  as  the  test  signal  generator 
and  sampler  were  investigated.  The  design  concept  is 
based  upon  an  optoelectronic  equivalent  time 
sampling  principle  and  optical-microwave  signal 
mixing.  It  involves  first  phase  locking  of  the 
periodic  input  signal  to  be  measured  to  the  periodic 
optical  pulses  from  a  mode-locked  laser  and 
subsequent  sampling  of  the  locked  signal  by  the 
optical  pulses.  A  photoconductive  (PC)  switch  is 
used  for  the  optical-microwave  mixer  and  another 
photoconductor  for  the  sampler.  The  optical  pulses 
we  use  were  provided  by  100  fs  pulses  from  a  Ti- 
Sapphire  laser.  The  optical-microwave  intermixing 
process  generates  a  low-frequency  replica  of  the  high- 
frequency  input  signal.  The  ratio  of  the  repetition  rate 
of  the  input  signal  to  its  low-frequency  replica  is  the 
time  expansion  factor.  The  repetition  rate  of  the  low- 
frequency  signal  provides  the  offset  frequency  for  the 
equivalent  time  sampling.  Since  there  is  no  electro¬ 
mechanical  moving  parts  required  to  acquire  a 
waveform,  the  sampling  is  done  at  a  fast  rate,  and 
acquisition  times  of  10  ms  or  less  are  possible.  The 


success  of  this  technique  depends  critically  on  the 
stability  and  reliability  of  the  optical  microwave 
phase  locked  loop  (OMPLL)  which  locks  the  phase  of 
the  signal  generator  to  the  optical  pulses. 


2.  Experimental  set  up 


Figure  1  is  the  schematic  diagram  of  the  OM 
sampling  system.  The  100  fs  800  nm  laser  beam  is 
split  into  two  beams,  one  for  OM  phase  locking 
(OMPL)  and  the  other  for  waveform  sampling.  One 
beam  of  the  laser  beams  illuminates  the  GaAs  PC 
mixer  (which  is  used  in  phase  locking  the  laser  and 
the  microwave  or  pulse  source).  The  laser  signal  and 
microwave  output  are  mixed  in  the  PC  mixer  and  the 
resultant  intermixed  signal  is  then  amplified  through  a 
high  gain  intermediate  frequency  (IF,  600  kHz) 
amplifier.  Then  the  IF  signal  is  sent  through  a  flip- 
flop  circuit  and  its  phase  is  compared  to  a  reference 
signal  which  is  obtained  by  frequency  dividing  the 
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output  from  the  laser  photo  detector.  The  resulting 
error  signal  is  then  delivered  through  a  loop  filter  to 
tune  the  voltage  controlled  oscillator  (VCO).  When 
OM  phase-locking  is  established,  a  clear  trace  around 
the  center  frequency  of  the  microwave  oscillator  will 
appear  and  the  frequency  bandwidth  will  decrease  by 
two  orders  of  magnitude.  Only  after  phase  locking 
has  been  established  should  the  high  frequency 
waveform  sampling  be  carried  on. 

3.  Phase  locking  loop  (PLL) 

A  PLL  basically  is  a  feed  back  system,  that 
synchronizes  an  oscillator  in  phase  and  frequency  to 
an  incoming  signal.  The  phase  detector  measures  the 
phase  difference  between  the  input  and  output  signals 
and  produces  an  error  signal  proportional  to  the 
measured  phase  difference.  The  error  signal  will  drive 
the  VCO,  changing  its  frequency  so  as  to  minimize 
the  phase  difference  between  the  input  and  output 
signals.  The  frequency  of  the  output  signal  will  be 
identical  to  that  of  the  input  signal  and  will  follow 
every  change  of  the  latter. 

There  are  two  type  of  phase  detectors,  one  is 
solely  phase  sensitive,  another  is  frequency  sensitive. 
The  later  one  is  sensitive  to  phase  noise,  requires 
signals  with  a  signal  to  noise  ratio  of  >30  dB,  and 
requires  signals  with  fast  transitions  (sharp  edges).  In 
our  case,  the  Fif  is  from  a  PC  switch  which  provides  a 
weak  signal  with  high  level  noise.  Consequently,  we 
use  a  phase  sensitive  detetector  in  the  PLL.  To 
ensure  good  phase  locking,  a  flip-flop  circuit  must  be 
used.  This  makes  the  OMPLL  system  very  stable. 

4.  Optical  sampling  and  the  replica  of  the 
microwave  waveform 

The  working  principle  of  waveform  time 
replica  is  illustrated  in  Figure  2. 

1 1 1 1 1 1 1 1 1 1 

Fm*=NFl,  n=i 
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t  t  t  t  t  t  t  t  t  t 

Fww=NFi  ±  Fif 

Figure  2.  Principle  of  the  time  replica 

The  upper  graph  shows  that  the  laser  pulse 
will  sample  the  same  position  of  the  microwave 
signal  if  there  is  no  offset  frequency  between  Fmw ,  the 


microwave  frequency,  and  NF,,  the  multiple  laser 
frequency  (N  is  the  multiplier).  The  sampled  output 
(thick  line)  will  be  a  flat  line.  However,  if  an  offset 
frequency,  Fi(,  exists,  different  mode-locked  laser 
pulse  will  be  sampled  at  different  phases  (or  delays) 
on  the  microwave  signal,  as  shown  in  the  lower  graph 
of  Figure  2.  The  time  scale  of  the  OM  sampled 
waveform  will  be  expanded  by  a  factor  of  1/Fif 
relative  to  actual  time. 

In  our  experiment,  the  Fjf  was  selected  to  be 
600  kHz.  The  phase  locked  microwave  signal  was 
then  used  to  drive  a  step  recovery  diode  (SRD)  in 
order  to  generate  high  frequency  and  broadband 
signals  for  validating  OM  sampling  systems.  The 
waveform  was  measured  with  both  a  HP  54750A 
digitizing  20  GHz  bandwidth  sampling  scope  and 
with  the  present  OM  sampling  system.  The  results 
from  Figure  3  indicated  that  excellent  agreement  was 
achieved  and  that  OM  sampling  exhibits  a  higher 
bandwidth.  The  time  enlargement  factor  was  2000 
for  the  waveforms  shown  in  fig.  3.  The  width  of  the 
OM-sampler-measured  pulse  is  approximately  7  ps, 
which  has  a  bandwidth  exceeding  the  bandwidth  of 
the  20  GHz  sampling  scope. 

The  spectrum  of  the  SRD  output  signal  and 
that  of  the  replica  were  also  measured.  The 
maximum  harmonics  of  the  signal  from  the  SRD 
extend  beyond  30  GHz  which  is  beyond  the 
bandwidth  of  the  20  GHz  HP  digitizing  sampling 
scope.  The  low-frequency  (OM-sampled)  replica,  on 
the  other  hand,  had  its  harmonics  extending  only  to  18 
MHz,  which  is  well  within  the  bandwidth  of  the  20 
GHz  sampling  scope  and  most  digitizing  waveform 
recorders.  It  is  clear  that  information  above  20  GHz 
is  lost  using  the  20  GHz  sampling  oscilloscope  while 
whereas  its  OM-sampled  replica  preserves  all 
information.  The  experimental  details  and  results  will 
be  reported. 
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Figure  3.  OM  sampled  replica  waveform(top)  & 
scope  1 

sampled  microwave  waveform  (bottom) 

Figure  4  shows  the  working  principles  for 
high  frequency  microwave  sampling  in  the  frequency 
domain.  The  upper  graph  shows  the  spectrum  of  the 
envelop  of  the  mode-locked  laser  pulse  train  and  the 
broadband  high  frequency  microwave  signal  before 
intermixing.  After  intermixing,  various  sum  and 
difference  frequencies  are  generated,  as  shown  in  the 
lower  graph.  Any  of  these  sum  or  difference 
frequencies  from  the  intermixed  signal  could  be  used 
to  perform  OM  phase  locking.  However,  we  have 
experimentally  determined  that  the  Fir  provides  the 
most  stable  phase  locking.  The  Fif  is  defined  as  the 
frequency  of  the  lowest  OM  intermixed  signal  which 
is  the  beating  frequency  between  the  Nth  harmonic  of 
the  laser  pulse  train  and  the  fundamental  frequency  of 
the  microwave  signal.  After  intermixing,  a  broadband 
low  frequency  replica  of  the  broadband  high 
frequency  microwave  signal  is  produced,  which  is 
shown  on  the  left-hand  side  in  the  bottom  panel  of 
figure  4. 
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Fig.  4  Working  principle  for  broadband 
high  frequency  microwave  sampling 


5.  Conclusion 

A  flip-flop  circuit  was  used  to  achieve  a 
stable  OMPLL.  The  flip-flop  circuit  greatly 
improved  the  operational  stability  and  reliability  of 
OMPLL  relative  to  other  circuits  tried. 

Low  frequency  replication  of  a  high 
frequency  waveform  (1  GHz  to  30  GHz)  was 
achieved.  Results  show  that  the  OM  sampling  system 
performs  better  than  a  20  GHz  digitizing  sampling 
oscilloscope  and  is  also  superior  to  the  standard  pump 
and  probe  systems  with  orders  of  magnitude 
improvement  in  data  acquisition  rate. 
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Abstract —  An  elctrooptic  spectrum  analysis 
system,  containing  fiber  optics  only,  was  applied  for 
the  first  time  to  electric  field  mapping.  DUTs  were 
microstrip  lines  having  a  band  pass  filter  or  a  2D 
photonic  bandgap  structure. 

Index  Terms — Electrooptic  probing,  RF  spectrum 
analysis,  2D  mapping,  photonic  bandgap  circuit,  RF 
circuit  diagnosis 

I.  Introduction 

New  wireless  communication  services  such  as  the 
third  generation  mobile  telecommunication  systems 
and/or  Intelligent  Transport  Systems  would  require  RF 
circuits  of  higher  performance  and  higher  integration  as 
well  as  shorter  turn  around  time.  Techniques  for 
performance  evaluation  and  failure  diagnosis  are  of 
increasing  importance  therein,  and  the  internal 
measurement  techniques  are  expected  to  be  effective 
from  early  design  stages  to  final  production  tests.  For 
this  purpose,  the  electrooptic  (EO)  probing  technique 
[l]-[3],  which  is  a  non-contact  internal  node 
measurement  method,  is  attractive  because  of  its  high 
sensitivity,  high  speed  and  low  invasiveness  [4] -[6].  In 
addition,  its  application  for  two-dimensional  (2D) 
mapping  of  electrical  field  distribution  on  RF  planar 
circuits  is  promising  since  it  provides  intuitive 
visualization  of  detailed  circuit  operation.  Such  2D  RF 
intensity  mapping  experiments  by  the  EO  probing 
technique  have  been  performed  actively  in  the  last 
several  years  [7]-[12];  for  instance,  near-field 
measurement  of  patch  antenna  [7][8],  2D  field  mapping 
of  monolithic  microwave  integrated  circuits  [9],  etc. 

Although  the  EO  sampling  technique  has  been 
utilized  exclusively  for  the  2D  mapping,  one  should  note 
here  that  a  sinusoidal  RF  signal  of  a  single  frequency  is 
usually  applied  to  devices  under  test  (DUT)  therein. 
This  fact  suggests  that  the  temporal  waveform 
measurement  is  not  necessary  and  that  an  alternative 
method,  the  frequency-domain  spectrum  measurement 
scheme  [13],  could  be  more  preferred  for  reducing  the 
data  acquisition  time.  In  addition,  a  continuous  wave 
(CW)  laser  source  and  a  high-speed  photodetector  (PD) 


are  utilized  there,  which  allow  the  measurement  to  be 
free  from  the  synchronization  of  RF  signal  source  to 
measurement  instruments.  We  would  like  to  point  out 
thus  that  the  temporal  scan  free  nature  and  the 
synchronization  free  nature  of  such  EO  spectrum 
analysis  system  (EOSAS)  are  quite  attractive  from  the 
2D  mapping  application  point  of  view,  although  such  a 
trial  has  never  been  made  so  far. 

In  order  to  confirm  those  attractive  potentials  of 
EOSAS  for  the  2D  mapping  application,  we  attached  a 
2D-scanning  driver  to  the  EOSAS  which  we  had 
constructed  [14][15],  and  applied  it  to  preliminary 
mapping  of  electric  field  distribution  in  a  microstrip 
transmission  line  (MSL)  band  pass  filter  (BPF). 
Furthermore,  we  extended  it  to  2D-mapping  experiments 
on  an  RF  circuit  with  a  photonic  bandgap  structure 
[16][17]  and  demonstrated  successfully  the  validity  of 
EOSAS  to  characterize  such  a  sophisticated  RF  planar 
circuit. 

II.  Experimental  setup 

The  configuration  of  EOSAS  we  developed  is 
schematically  shown  in  Fig.  1.  Although  its  basic 
concept  is  similar  to  that  described  in  a  literature  [18], 
one  major  difference  is  that  all  the  optics  including  its 
EO  probing  head  is  based  on  fiber  optics.  This 
configuration  provides  that  any  optical  alignment  is  not 
necessary  except  for  relatively  complex  control  of  the 
light  wave  polarization  states  in  the  normal  single  mode 
fibers.  This  alignment-free  nature  is  brought  by  the 
introduction  of  fiber-edge  EO  (FEEO)  probe  scheme 
which  is  described  later  in  detail. 

The  total  optical  loss  between  the  polarization 
controller  (PC)  and  the  input  of  the  analyzer  is  9.9  dB, 
which  contains  1.5  dB  loss  at  PC,  2.3  dB  loss  of  the 
optical  circulator  and  6.1  dB  loss  of  the  EO  probe.  It 
can  be  improved  up  to  4.6  dB  since  the  lowest  loss  of 
EO  probes  that  we  fabricated  so  far  is  0.8  dB.  While 
such  estimation  claims  that  the  fiber  optic  EO  probing 
system  is  essentially  of  low  loss  nature,  these  losses  can 
be  compensated  sufficiently  by  optical  fiber  amplifiers. 
Furthermore,  a  high  power  and  high  speed  PD  can 
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Fig.  1.  Schematic  illustration  of  electrooptic  RF  spectrum 
analysis  system  (EOSAS).  It  consists  of  fiber  optic 
components  only. 
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provide  both  sufficient  sensitivity  and  broad  bandwidth. 
We  utilized  a  PD  (NEL  KEPD2512KPC)  which  has  a 
bandwidth  of  20  GHz,  an  efficiency  of  0.9  AAV,  and 
maximum  optical  input  power  of  20  mW.  The  PD  was 
connected  to  an  RF  spectrum  analyzer  (HP  8564E) 
through  a  bias-T.  The  signal  to  noise  ratio  obtained  is 
as  high  as  35  dB. 

We  have  proposed  so-called  FEEO-probe  [14]  in 
which  a  small  piece  of  EO  crystal  is  adhered  to  an  edge 
of  optical  fiber.  We  expect  and  partially  confirmed 
enhanced  sensitivity  and  lowered  invasiveness  to  be 
brought  by  the  Fabry-Perot  enhancement  scheme  for 
FEEO-probes  [18]-[20],  which  is  to  be  reported 
elsewhere.  The  FEEO-probe  we  fabricated  contains  a 
50  pun-thick  ZnTe  crystal  glued  to  a  200  pm-thick  glass 
substrate.  The  crystal  area  is  300  pun  x  300  pun.  The 
bottom  surface  of  ZnTe  is  high-reflection  coated  by 
stacks  of  quarter- wave  dielectric  layers.  The  crystal 
orientation  is  set  so  that  the  electric  field  along  the 
optical  axis  is  detected  (longitudinal  EO  probing).  The 
EO  crystal  is  attached  to  the  edge  of  an  expanded  core 
fiber  (45  pun  in  diameter)  by  UV  cure  adhesive.  Here, 
the  expanded  core  fiber  was  chosen  to  reduce  the  optical 
loss  at  the  sacrifice  of  spatial  resolution  (~  45  pun). 
Although  the  present  spatial  resolution  is  larger 
compared  with  those  in  conventional  systems  (-10  pun) 
[10],  we  believe  it  is  good  enough  for  the  purpose  of  this 
paper.  Furthermore,  this  probe  structure  is  symmetric 
to  the  optical  axis,  therefore,  the  field  to  be  measured  is 
not  distorted  asymmetrically. 

The  FEEO-probe  was  inserted  beneath  an  objective 
lens  of  a  microscope,  and  can  be  moved  back  and  forth 
by  electrically  powered  micrometers.  The  position 
control  accuracy  is  around  1  pun.  DUT  and  the  FEEO- 
probe  can  be  monitored  simultaneously  by  a  CCD 
camera. 

III.  2D  MAPPING  EXPERIMENTS 

In  order  to  evaluate  the  performance  of  EOSAS 
setup  for  the  2D  mapping  application,  we  characterized 
electric  field  distribution  of  two  kinds  of  MSLs  as 
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Fig.  2.  (a)  Schematic  drawing  of  a  BPF  made  of  MSL. 
The  area  indicated  by  open  rectangular  marks 
corresponds  to  the  maps  (b)  and  (c).  That  shown  by 
solid  rectangular  marks  corresponds  to  (d)  and  (e).  The 
RF  signal  was  fed  from  the  bottom,  (b)  2D  map  of  RF 
intensity  at  the  center  frequency  of  pass  band  (~  10.7 
GHz).  The  gray  scale  is  shown  by  the  inset,  (c)  RF 
intensity  map  at  8.0  GHz.  (d)  (e)  RF  intensity  maps 
with  higher  resolution. 


follows. 

A.  Band  Pass  Filter 

The  first  DUT  is  a  band  pass  filter  (BPF),  which  is 
rather  conventional  and  was  made  by  the 
photolithography  technique.  Its  line  width  is  1  mm. 
A  schematic  of  the  filter  is  shown  in  Fig.  2  (a).  The 
center  frequency  of  its  pass  band  is  10.7  GHz  with  its  Q- 
factor  of  49.2.  Figures  2  (b)  and  (c)  indicate  measured 
distribution  of  RF  intensity  at  10.7  GHz  that  is  the  pass 
band  center  frequency  and  at  8.0  GHz  that  is  out  of  the 
pass  band,  respectively.  The  measured  area  is  2  mm  x 
14  mm  and  the  size  of  unit  cell  is  100  pm  x  200  pm. 
The  total  number  of  measurement  points  is  21  x  71  = 
1491.  The  standing  wave  formed  in  the  filter  cavity  of 
a  half  wavelength  was  clearly  observed  as  shown  in  Fig. 
2  (b).  On  the  contrary,  the  reflection  at  the  incident  port 
is  indicated  in  Fig.  2  (c).  Those  results  suggest  that  the 
EOSAS-based  2D  mapping  measurement  is  fairly 
effective  to  visualize  a  circuit  function  (BPF  in  this  case). 
Figures  2  (d)  and  (e)  show  maps  with  a  higher 
resolution:  the  cell  size  is  50  pm  x  50  pm.  The  images 
of  microwave  were  obtained  more  clearly. 


211 


WE2.17 


(a) 


(a) 


(b) 


Fig.  3.  (a)  Schematic  drawing  of  a  RF-PBG  circuit,  (b) 
S  parameters  of  RF-PBG  circuit  measured  by  a  network 
analyzer. 
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Fig.  4.  (a)  Structure  of  RF-PBG  circuit  and  scanning 
area,  (b)  2D  map  of  vertical  electric  field  distribution  of 
an  RF-PBG  circuit  at  pass  band  (10.8  GHz).  The 
scanned  area  is  shown  by  solid  rectangular  marks,  (c) 
RF  intensity  map  at  stop  band  (12.5  GHz).  The  scanned 
area  is  shown  by  open  rectangular  marks. 


B.  Photonic  Bandgap  Structure 

Another  DUT  to  appreciate  the  performance  of 
EOS  AS  is  the  MSL  with  a  photonic  bandgap  (PBG) 
structure.  It  was  made  on  a  circuit  substrate  etched  by 
the  photolithography  technique.  Basically,  the  PBG 
structure  was  proposed  as  one  of  the  artificial  photonic 
crystals  to  localize  the  electromagnetic  energy  [16]. 
Therefore,  the  PBG  structure  has  to  be  realized  with  a 
2D  or  3D  structural  periodicity  as  shown  in  Fig.  3  (a). 
In  this  DUT  case,  the  PBG  structure  was  designed  within 
11.5-12.5  GHz  for  the  TE  mode  and  fabricated  two- 
dimensionally  by  the  etching  process.  It  is  expected  to 
work  as  a  two-dimensional  BPF  or  even  a  two- 
dimensional  band  elimination  filter  (BEF)  [17]. 

In  order  to  confirm  the  PBG  characteristics,  the 
MSL  was  made  on  the  etched-out  hole  for  the  PBG. 
The  band  elimination  characteristic  is  expected  around 
12  GHz  and  the  band  pass  ones  is  done  in  other 
frequencies.  The  electrical  properties  on  S-parameters 
were  investigated  and  shown  in  Fig.  3  (b).  As  expected, 
the  BEF  characteristic  was  obtained  around  12.5  GHz, 
while  one  of  the  BPF  characteristics  was  observed 
around  11  GHz.  To  understand  these  properties  from 
more  intuitive  viewpoint,  the  2D  mapping  measurement 
by  EOSAS  proposed  here  was  carried  out  on  this  DUT. 
The  results  were  shown  in  Figs.  4  at  10.8  GHz  for  the 
band  pass  characteristic  and  at  12.5  GHz  for  the  band 


elimination  characteristic.  The  measured  areas  were  10 
mm  x  15  mm  (10.8  GHz)  and  10  mm  x  22  mm  (12.5 
GHz),  and  the  stepping  pitch  was  250  pm. 

Although  the  propagating  TEM  signal  under  the 
MSL  was  observed  in  both  cases,  the  difference  due  to 
the  leaky  wave  was  apparently  found  in  portion  of  the 
substrate  outside  the  MSL.  The  oblique  wave 
propagation  found  at  10.8  GHz  may  result  from  a  surface 
wave  or  the  TM  mode  in  the  PBG,  which  was  not  taken 
into  account  in  the  design  of  DUT.  On  the  other  hand, 
prohibition  of  the  wave  propagation  in  the  substrate  was 
observed  at  12.5  GHz  due  to  the  nature  of  the  PBG. 

Through  the  EOSAS  measurement,  the  following 
significant  point  was  found  out;  the  leaky  wave  under 
the  PBG  structure  was  clearly  measured  with  the 
information  of  the  magnitude  and  the  direction  of  the 
wave  propagation  in  the  circuit  substrate  which  cannot 
exist  in  the  ordinal  MSL.  Therefore,  the  measurement 
using  EOSAS  is  necessitated  for  design  and  analysis  of 
the  configuration  and  periodicity,  and  the  performance  of 
the  PBG  structure. 

IV.  Conclusions 

We  applied  EOSAS  to  the  2D  intensity  mapping  of 
RF  planar  circuits  for  the  first  time,  and  evaluated  the 
system  performance  by  visualizing  the  internal  circuit 
operations.  Standing  wave  and  reflection  on  the  MSL- 
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BPF,  which  are  rather  basic,  were  observed  clearly  in  a 
preliminary  experiment. 

2D  mapping  experiments  provided  by  EOSAS  was 
applied  also  to  visualization  of  RF-PBG  circuit  operation, 
through  which  detailed  distribution  of  RF  field  was 
clarified.  One  should  note  thus  that  the  verification  of 
internal  operation  state  is  crucially  important  in  PBG 
circuit  which  has  2D  periodic  structures. 
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Abstract-.  A  novel  optical  transversal  filter  with  tap 
multiplexing  is  presented.  The  performance  of  a  fibre 
grating  based  bandpass  filter  with  up  to  16  taps  is 
demonstrated. 

Introduction :  Optical  fibre  microwave  and 
millimetre  wave  signal  processing  is  a  technique 
that  has  seen  recent  rapid  development  and  is 
attracting  more  and  more  research  interest  [1-5]. 
Instead  of  processing  the  modulating  signal  in  the 
electrical  domain,  this  processing  is  realised  in  the 
optical  domain,  and  so  is  the  promising  solution 
for  overcoming  problems  associated  with 
electronic  filters.  It  offers  the  possibility  of  a  new 
family  of  optical  fibre  microwave  devices  and 
circuits  with  exciting  characteristics. 

Optical  transversal  filters  are  crucial  to  the  desired 
microwave  signal  processing  in  the  optical 
domain.  These  are  based  on  optical  delay  lines 
and  therefore  the  frequency  response  and 
performance  of  an  optical  transversal  filter 
depends  on  the  number  of  optical  taps  used  and  the 
way  they  are  distributed  in  the  filter.  Increasing  the 
number  of  taps  enables  improved  performance,  for 
example,  increased  Q  factor  and  rejection  level. 
Additionally  it  gives  more  options  in  terms  of  tap 
apodisation  enabling  improved  suppression  of 
sidelobes  in  the  frequency  response.  In  this  paper 
we  present  a  novel  fibre  Bragg  grating  based 
transversal  filter  with  an  easy  tap  multiplexing 
technique.  Facilitated  by  this  technique,  an  optical 
fibre  grating  based  bandpass  filter  with  up  to  16 
taps  has  been  realised.  This  is,  to  our  knowledge, 
the  largest  number  of  taps  of  transversal  filter  built 
with  fibre  Bragg  gratings.  By  using  this 
multiplexing  technique,  one  could  make  the 
system  more  cost  effective.  It  also  alleviates  the 
burden  of  precise  grating  spacing  adjustment, 
which  is  critical  to  the  performance  of  the  filter. 
Background-.  For  an  optical  fibre  grating  based 
transversal  filter  with  tap  weights  An  and  effective 


unit  delay  time  Ts,  the  output  signal  S(t)  is  related 
to  the  input  signal  s( t )  by 

S«>  =  £v0-r,)  (1) 

n- 1 

where  the  rs,  associated  with  the  tap  spacing,  here 
grating  spacing  L0,  can  be  computed  as  Ts=n0  L(/c, 
n0  is  fibre  refractive  index.  The  unit  delay  time  Ts 
gives  the  effective  sampling  time  for  the  finite 
impulse  response  (FIR)  filter,  the  effective 
sampling  frequency  fs= 1/  rs.  For  the  case  that  the 
tap  weights  are  the  same,  the  microwave  signal 
frequency  response  P(f)  can  be  predicted  to  be 

P(f)  =  [sin( Nnf  /fs)/N  sin  {rtf  /  /, )]  (2) 

where  /  is  the  modulation  frequency.  N  is  tap 
number. 

The  grating  spacing  ts  and  filter  tap  number  N 
corresponds  to  the  time-  and  frequency-  domain 
resolution.  With  a  small  grating  spacing  we  can 
get  better  time  domain  resolution,  but  the  spacing 
must  be  greater  than  the  coherence  length  of 
source  to  ensure  incoherent  processing.  Larger  N 
means  enables  more  control  of  the  frequency 
characteristics,  but  also  increases  the  number  of 
components  (gratings  in  this  experiment).  This 
invariabily,  in  a  fibre  Bragg  grating  gives  rises  to 
increased  errors  in  the  Bragg  grating  spacing 
which  generally  deteriorates  the  frequency 
response  of  the  filter. 

A  simulated  output  of  N=  8,  and  La=  2.8  m  is  given 
in  Fig.  2(a)  (dashed  line).  Obviously,  bandpass 
filtering  is  realised  at  those  frequencies  where  the 
microwave  signals  combine  constructively. 

Experiment:  The  schematic  diagram  of  the  set-up 
used  in  the  experiment  is  shown  in  Fig.  1,  where 
the  HP  8703  lightwave  component  analyser  (LCA) 
is  used  for  the  generation  of  the  microwave 
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modulating  signal  as  well  as  its  detection.  A 
tuneable  laser  provided  the  optical  carrier. 
Through  the  optical  circulator  (OC)  and  1x8 
splitter  the  modulated  optical  signal  reached  8 
grating  arrays,  each  with  4  gratings  having 
different  Bragg  wavelength.  This  optical  signal 
exiting  from  the  circulator  was  further  split  into 
two  beams  by  a  1x2  coupler,  then  recombined  at 
the  second  coupler.  One  beam  passed  though 
directly.  The  other  reflected  at  an  induced  grating 
with  the  same  Bragg  wavelength.  This  grating  was 
placed  so  that  the  optical  path  difference  between 
these  two  arms  is  exactly  eight  times  of  the  unit 
delay  time  in  the  filter.  An  attenuator  was  used  to 
compensate  the  insertion  loss  from  the  circulator 
and  the  uneven  optical  coupling  coefficients  in  the 
coupler. 

Looking  at  the  time  impulse  response  of  the 
optical  signal  exiting  from  the  circulator  one  can 
see  an  eight  pulses  train  which  represent  the  eight 
reflected  signals  from  the  fibre  gratings.  This 
impulse  response  is  then  split  in  two  and 
recombined  with  differential  delay  between  the 
two  copies  such  that  they  exactly  follow  each 
other.  Fig.3  shows  the  impulse  response  of  the 
optical  signal  after  the  second  1x2  coupler  where 
grating  spacing  is  2.8m.  One  can  see  the  pulse 
number  has  increased  to  16,  and  all  the  pulses  are 
equally  spaced.  This  means  the  taps  connecting 
with  that  1x8  splitter  has  been  multiplexed  and 
effective  tap  number  has  been  doubled.  In  Fig.  4, 
the  dashed  line  is  the  frequency  response  of  the 
filter  consisted  of  eight  taps,  which  was  measured 
at  the  output  of  the  circulator.  Solid  curve 
corresponds  to  the  frequency  response  of  the 
optical  signal  after  the  second  coupler,  which  is  a 
typical  response  for  16  taps.  As  we  can  see,  the 
bandwidth  of  passband  became  smaller  while  the 
free  spectrum  range  (FSR)  remained  the  same.  A 
doubling  of  the  filter  Q  factor  has  been  achieved. 

The  increasing  of  tap  number  improves  not  only 
the  Q  factor,  but  also  the  rejection  ratio.  As  we  can 
see  from  Fig.  4,  the  sidelobes  of  16  taps  filter  is 
well  below  (6dB  lower  than)  that  of  8  taps  filter. 
Filter  tunability  is  achieved  using  grating  arrays,  as 
illustrated,  and  by  tuning  the  carrier  wavelength 
among  the  Bragg  wavelengths  of  the  grating 
arrays. 

Conclusion:  A  novel  configuration  of  transversal 
filter  with  tap  multiplexing  has  been  presented  and 
the  improved  performance  of  the  filter  also 


demonstrated.  The  technique  could  be  further 
extended  to  enable  further  multiplication  in  the  tap 
number.  This  reduces  the  number  of  gratings 
required  to  realise  a  traversal  filter,  easing  the 
construction  requirements  and  therefore  enabling  a 
reduction  in  the  spacing  errors  between  taps. 
Further  work  on  apodisation  of  the  tap  profile  is  to 
be  carried  out.  Further  schemes  based  on  this 
technique  are  envisaged  to  greatly  improve  the 
performance  achievable  using  fibre  Bragg  grating 
based  traversal  filter  designs. 
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Fig.2.  Simulated  (dashed)  and  measured  (solid) 
frequency  response  of  the  filter  with  8  equal  taps. 


Fig.3.  Impulse  response  with  16  taps 


Fig.4.  Frequency  responses  before  (dashed)  and  after 
(dashed)  tap  multiplexing. 
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ABSTRACT 

We  report  on  the  first  demonstration  of  velocity- 
matched  distributed  p-i-n  photodetectors.  Record 
high  linear  DC  photocurrent  of  45  mA  has  been 
achieved  without  suffering  from  thermal  damage, 
thanks  to  the  superior  power  handling  capability 
of  p-i-n  photodiodes.  The  frequency  response  is 
flat  from  1  GHz  to  35  GHz. 

I.  INTRODUCTION 

High  power,  high-speed  photodetectors  are 
a  key  component  for  microwave  fiber  optic  links  and 
optoelectronic  generation  of  microwave  and 
millimeter- waves  [1].  High  optical  power  can 
greatly  enhance  the  link  gain,  signalo-noise-ratio 
and  the  spur  free  dynamic  range  (SFDR)  6 
externally  modulated  links.  Several  approaches  have 
been  proposed  to  increase  the  maximum  linear 
photocurrent  of  high-speed  photodetectors,  including 
waveguide  photodetectors  with  low  confinement 
factors  [2-4],  traveling- wave  photodetectors  [5,6] 
and  phototransistors  [7],  velocity-matched 
distributed  photodetectors  (VMDP)  [8,9],  and 
parallel  fed  VMDP  [10],  Using  the  VMDP  with 
metal-semiconductor-metal  (MSM)  photodiodes 
(PDs),  we  have  achieved  a  saturation  photocurrent 
of  33  mA  at  1.55  pm  wavelength  [8].  Hmberg  et.  al. 
also  reported  on  an  MSMbased  VMDP  with  a 
bandwidth  above  78  GHz  [9]. 

The  maximum  linear  photocurrent  in  our 
previous  MSM- VMDP  is  limited  by  the  catastrophic 
damage  caused  by  thermal  runaway.  H-n  PDS  have 
higher  threshold  for  thermal  runaway  than  MSM 
photodiodes.  It  was  previously  shown  that  MSM 
photodiodes  fail  at  junction  temperatures  of  ~700K 
[11],  whereas  p-i-n  can  stand  junction  temperatures 
above  900K  [12].  This  is  primarily  due  to  the  larger 
barrier  height  for  dark  current  in  pi-n  photodiodes. 
Therefore,  VMDPS  with  p-i-n  photodiodes  can 
achieve  even  higher  photocurrent.  Moreover,  the 
uniform  electric  field  distribution  in  p-i-n  is  also 
advantageous  for  linear  operation  under  high  power 
illumination.  Moreover,  the  fabrication  of  higi 


bandwidth  MSM  photodiodes  demands  sophisticated 
sub  micron  e-beam  writing  and  thin  MSM  fingers 
are  vulnerable  to  failure  caused  by  high 
photocurrents.  Therefore,  VMDP  with  pi-n 
photodiodes  are  of  great  interest  for  high  power 
photodetection. 

In  this  paper,  we  report  on  the  first 
demonstration  of  the  VMDP  with  pi-n  photodiodes. 
Record-high  linear  photocurrent  of  45mA  has  been 
achieved.  No  thermal  runaway  was  observed  for 
photocurrent  above  55  mA.  Our  VMDP  has  a  flat 
frequency  response  up  to  35  GHz,  tough  there  is  an 
initial  drop  at  low  frequency  due  to  slow  carrier 
diffusion.  We  have  also  found  that  the  maximum 
linear  photocurrent  is  dependent  on  the  alignment  of 
input  optical  fibers.  The  fiber  position  for  maximum 
responsivity  is  different  from  that  for  maximum 
linear  photocurrent.  A  unique  technique  has  been 
developed  to  achieve  the  optimum  fiber  alignment. 


II.  DESIGN  AND  FABRICATION 


Fig.  1.  Schematics  of  the  VMDP  with  a  close-up  view  of  the 
active  pi-n  photodiode  region. 


The  schematic  structure  of  the  VMDP  is 
illustrated  in  Fig.  1.  A  linear  array  of  pi-n 
photodiodes  is  periodically  dstributed  on  top  of  a 
passive  optical  waveguide.  Optical  signal  is 
evanescently  coupled  from  the  passive  waveguide  to 
the  active  pi-n  PDs.  Photocurrents  generated  from 
the  individual  photodiodes  are  added  in  phase 
through  a  50f2coplanar  strips  (CPS)  microwave 
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transmission  line  that  is  vclocitymatched  to  the 
optical  waveguide.  The  photodiodes  are  kept  below 
saturation  by  coupling  only  a  small  fraction  of 
optical  power  to  each  photodiodes. 

The  active  p-i-n  PDs  consist  of  a  0.25-pm- 
thick  InGaAs  absorption  layer  and  two  InGaAlAs 
ohmic  contact  layers.  One  of  the  main  tradeoff  in 
the  design  of  p-i-n  VMDP  is  the  placement  of  ohmic 
contacts.  Fig.  2  shows  three  different  contact 
schemes:  (a)  parallel  contacts  on  a  continuous 
waveguide,  (b)  tandem  contacts  on  a  continuous 
waveguide,  and  (c)  parallel  contacts  with  lower 
contact  outside  the  waveguide.  The  contact  area  for 
each  photodiode  is  20x2.5  (im2.  In  our  device,  the 
p-ohmic  contact  is  the  lower  contact,  which  is  close 
to  the  core  of  the  passive  waveguide.  We 
experimentally  investigated  the  performances  of  the 
VMDPs  with  different  contact  schemes.  Our 
experimental  results  show  that  VMDPs  with 
Scheme  (a)  contacts  have  the  best  performance:  they 
have  the  lowest  loss  and  more  uniform  jhotocurrent 
distribution  along  the  waveguide.  The  spacing 
between  the  n  and  p  contacts  is  2fim. 


(a)  (b)  (c) 

Fig.  2.  Schematics  of  three  different  contact  schmes.  (a) 
parallel  on  continuous  waveguide  (b)  tandem  on  continuous 
waveguide  (c)  parallel  contacts  with  lower  contact  outside  tb 
waveguide. 

A  wide  horizontally  multimode  optical 
waveguide  with  continuous  transitions  between 
passive  waveguide  and  active  PD  is  employed  to 
reduce  interface  losses.  Snce  the  microwave 
velocity  can  only  be  matched  to  the  group  velocity 
of  one  optical  mode,  there  is  some  inherent  velocity 
mismatch  in  multimode  devices.  However,  the 
mismatch  is  small  (<  10%)  and  the  bandwidth  limit 
due  to  velocity  mismatch  is  greater  than  150  GHz, 
which  is  higher  than  the  transit  timelimited 
bandwidth  of  our  current  device.  Moreover,  our 
BPM  simulation  shows  that  more  than  97%  of  the 
input  power  is  coupled  to  the  fundamental  mode 
during  propagation. 


III.MEASUREMENTS  AND  DISSCUSSION 

The  DC  responsivity  is  0.42 A/W  at  IV  bias 
(without  AR  coating).  This  responsivity  can  be 
further  improved  by  employing  airbridges  to 
connect  photodiodes  with  the  microwave 
transmission  line,  which  prevent  direct  metal 
deposition  on  the  sidewalls  of  the  wavegiide.  The 
reverse  bias  breakdown  is  ~1.5V.  The  low 
breakdown  is  caused  by  the  diffusion  of  ptype 
dopants  from  the  lower  contact  layers  into  the 
InGaAs  absorbing  layer  during  the  epitaxial  growth. 
The  microwave  characteristics  of  the  VMDP  is 
measured  by  HP  85 10C  network  analyzer.  The 
measured  characteristic  impedance  matches  very 
well  to  50Q  (within  3%)  for  a  broad  frequency 
range. 


Fig.  3.  Measured  responsivity  of  each  PDs  in  the  spli 
contact  VMDP  for  focusing  the  input  power  to  the  whole 
structure  and  for  focusing  to  the  3rd  photodiode. 


To  characterize  the  distribution  of 
photocurrents  within  the  VMDP,  we  have  fabricated 
VMDPfc  with  separate  contacts  for  each 

photodiodes.  We  found  the  photocurrent  distribution 
is  sensitive  to  the  alignment  of  input  optical  fibers. 
The  measurement  results  are  shown  in  Fig.  3.  When 
the  fiber  is  positioned  to  optimize  the  overall 
responsivity  of  the  VMDP  (0.42  A/W),  the 

photocurrent  distribution  has  a  very  steep  decay 
(Curve  (a)  of  Fig.  3).  The  first  photodiode 

contributed  73.8%  of  the  overall  photocurrent.  The 
maximum  linear  photocurrent  is  22  mA.  If  the  fiber 
is  positioned  to  optimize  the  response  of  th esecond 
photodiode  instead  of  the  entire  VMDP,  more 
uniform  distribution  of  photocurrent  is  obtained.  The 
responsivity  of  the  overall  VMDP  decreased  slightly 
to  0.39  A/W,  however,  the  maximum  linear 

photocurrent  increased  to  35  mA.  This  is  because 
more  photodiodes  are  contributing  to  the  total 
photocurrent  when  the  first  photodiode  reaches 
saturation.  If  we  move  the  fiber  again  to  optimize 
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response  of  the  third  photodiode,  the  maximum 
linear  photocurrent  of  the  VMDP  is  increased  further 
to  45.5  mA.  The  overall  responsivity  became  0.36 
AAV.  The  distribution  of  photocurrent  under  this 
coupling  condition  is  shown  in  Fig.  3  (line  b). 

The  explanation  for  the  above  observation  is 
as  follows.  Because  the  first  photodiodes  is  located 
very  close  to  the  facet  (100  pm  away),  the  optical 
field  coupled  into  VMDP  has  not  reached  the  steady 
state  distribution  yet.  The  transient  field  can  be 
directly  coupled  into  the  photodiodes,  resulting  in 
higher  photocurrents  in  the  first  photodiode. 
Therefore,  when  we  align  the  fiber  by  maknizing 
the  overall  response  of  the  VMDP,  the  fiberto- 
waveguide  coupling  is  actually  not  optimized. 
Though  the  absorption  of  the  transient  field  helps 
increase  the  overall  quantum  efficiency,  the  extra 
photocurrent  concentrates  in  the  first  photodiode  and 
causes  it  to  saturate  at  lower  overall  photocurrent. 
The  photocurrents  of  the  photodiodes  farther  away 
from  the  input  facet  are  less  influenced  by  the 
transient  field  and,  therefore,  are  better  monitors  for 
the  fiber  alignment. 


Input  Power  (mW) 

Fig.  4.  Measured  DC  linear  photocurrents  for  two 
different  input  fiber  positions.  The  linear  current  improve 
greatly  when  the  input  power  is  optimized  to  a  distar 
photodiode. 

This  above  technique  can  be  used  to 
improve  the  maximum  linear  photocurrent  of  an 
identical  VMDP  with  the  same  device  geometry  but 
without  split  contacts.  The  displacement  of  the  fiber 
between  the  optimum  responsivity  and  the 
maximum  photocurrent  of  a  distant  (e.g.,  the  3d)  PD 
is  very  reproducible.  Therefore,  we  can  calibrate  the 
displacement  (AX,  AY,  and  AZ)  first  using  a  split- 
contact  VMDP.  To  align  the  fiber  to  a  regular 
VMDP  without  split  contact,  it  is  first  aligned  to 
maximize  the  overall  responsivity.  This  leads  to 
concentration  of  photocurrent  in  first  PD.  We  then 
move  the  fiber  by  AX,  AY,  and  AZ  using  a  piezo- 
controlled  micrometer.  This  reduces  the 


photocurrent  in  the  first  PD  and  increases  the 
contribution  of  diodes  further  down  along  the  array. 
In  all  cases,  the  results  are  within  5%  of  that  of  that 
obtained  from  the  split-contact  test  structure.  Fig.  4 
shows  the  photocurrents  for  both  optimized  coupling 
to  the  whole  device  and  for  focusing  the  input  power 
to  the  3rd  PD  using  this  technique.  We  achieved 
more  than  45mA  of  linear  photocurrent.  To  our 
knowledge,  this  is  the  highest  linear  DC 
photocurrent  reported  in  high-frequency 
photodetectors. 

Our  finding  also  suggests  new  VMDP 
structures  with  built-in  monitor  for  optimum  fiber 
alignment.  In  addition  to  the  regular  arrayof  PDk  of 
the  VMDP,  we  can  add  an  additional  monitoring 
photodiode  in  the  middle  of  the  waveguide  (e.g., 
between  the  4h  and  the  5th  PDfc).  By  optimizing  the 
photocurrent  of  the  monitoring  PD,  we  can  achieve 
high  linear  photocurrent.  Alternatively,  we  canalso 
employ  a  much  longer  passive  waveguide  to  reduce 
the  influence  of  transient  field  on  the  photocurrent  of 
the  first  PD. 

In  contrast  to  the  MSM  VMDP  we  reported 
previously  [8],  the  p-i-n  VMDP  does  not  fail  at  the 
maximum  linear  photocurrent.  In  fact,  our  device 
survives  at  photocurrent  as  high  as  55  mA.  If  we 
continue  to  increase  the  photocurrent,  eventually  the 
facet  of  the  optical  waveguide  is  damaged  at  200 
mW.  Even  under  this  circumstance,  the  active  PDfc 
of  the  p-i-n  VMDP  remains  alive.  In  fact,  we  can 
reverse  the  VMDP  and  couple  light  in  from  the 
undamaged  facet,  and  obtain  the  same  level  of 
maximum  linear  photocurrent  as  before. 

The  responsivity  of  the  VMDP  can  be 
improved  by  employing  antireflection  (AR) 
coating.  The  fiber  coupling  efficiency  can  be 
improved  by  integrating  a  spotsize  converter  for 
better  mode-matching  with  fiber.  Coupling 
efficiency  as  high  as  90%  has  been  reported  [13]. 
With  both  AR  coating  and  spot  size  converter,  the 
responsivity  can  potentially  be  increased  to  0.9  AAV. 
The  optical  power  damaging  level  will  also  be 
increased. 

We  used  both  frequency  and  time  domain 
measurements  to  characterize  the  AC  response  of  the 
VMDP.  The  frequency  domain  measurement  was 
performed  by  optical  heterodyning  method  using 
two  external  cavity  tunable  lasers  at  1550  nm.  The 
optical  signals  are  combined  by  a  3dB  coupler,  and 
coupled  to  the  VMDP  through  a  fiber  pickup  head. 
The  output  is  collected  by  a  50-GHz  probe  and 
monitored  by  an  RF  power  meter.  The  calibrated 
frequency  response  of  the  VMEP  is  shown  in  Fig.  5. 
The  AC  response  has  a  quick  rolloff  at  low 
frequencies  (below  1  GHz)  and  then  remains  almost 
flat.  The  initial  roll  off  at  low  frequency  is  due  to  the 
slow  carrier  diffusion  in  the  active  region,  which  is 
caused  by  unintentional  migation  of  p-dopants  (Be) 
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during  epitaxial  growth.  Excluding  the  low 
frequency  roll-off,  the  3-dB  frequency  is  35GHz. 
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Fig.  5.  Measured  frequency  response  of  th<p-r'-n  VMDP  with 
optical  heterodyning.  Except  a  sharp  rolloff  below  1GHz,  the 
device  has  a  3-dB  bandwidth  >35  GHz. 


We  have  also  measured  the  timedomain 
pulse  response  of  the  VMDP.  Short  laser  pulses  with 
a  FWHM  pulse  width  of  lps,  a  repetition  rate  of25 
MHz,  and  a  center  wavelength  of  1550  nm  are 
employed  for  the  measurement.  A  VMDP  with  8 
PDk  (each  PD  has  an  area  of  45pm2)  was 
illuminated  with  an  average  photocurrent  of  0.1mA 
and  the  resulting  pulses  were  observed  on  a  50GHz 
sampling  scope.  Fig.  6  shows  the  measured  results. 
The  measured  FWHM  width  is  13ps  after 
deconvolving  the  response  of  the  50GHz  scope.  The 
measured  results  also  include  the  losses  of  the 
microwave  components.  In  addition  to  the  short 
pulse,  there  is  a  long  tail  due  to  dopant  migation  in 
to  the  active  region  of  the  photodiode  that 
contributes  to  slow  carrier  diffusion.  This  agrees 
well  with  the  frequency  domain  measurement. 


Time  (ps) 

Fig.  6.  Measured  pulse  response  of  the  VMDP.  The  FWHh 
is  18ps  without  including  the  correction  factors.  The  lonj 
tail  is  caused  by  the  slow  carrier  diffusion  in  the  dope 
active  region. 

A  new  epi-layer  with  a  setback  region  is 
currently  being  developed  to  eliminate  the  low 
frequency  roll  off  and  increase  the  breakdown 
voltage.  Another  issue  of  our  current  devices  is  the 


high  contact  resistance  of  the  lower  Ohmic  contact, 
which  results  in  low  R&limited  bandwidth.  Our 
current  epitaxial  layer  structure  does  not  have  an 
effective  stop  etch  layer  before  the  lower  Ohmic 
contact  layer.  As  a  result,  the  contact  is  actually 
formed  on  the  InGaAlAs  layer  with  low  pdoping 
concentration.  In  the  new  epitaxial  layer  design,  we 
have  also  inserted  a  stop  etch  layer  to  improve  the 
contact  resistance.  The  new  device  should  exhibit 
higher  frequency  response. 

IV.  CONCLUSION 

We  have  successfully  demonstrated  a  velocity 
matched  distributed  photodetector  with  pi-n 
photodiodes.  A  high  linear  DC  photocurrcnt  of  45 
mA  has  been  achieved.  In  order  to  increase  the  DC 
linear  photocurrents  a  novel  alignment  technique  is 
demonstrated.  The  VMDP  has  a  flat  frequency 
response  from  1  to  35  GHz.  A  low  frequency  roll  off 
due  to  slow  carrier  diffusion  is  also  observed.  We 
are  now  in  the  process  of  designing  a  new  epitaxial 
structure  to  eliminate  the  long  diffusion  tail  and 
improve  the  contact  resistance. 
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Abstract:  We  present  photodetector  compres¬ 
sion  measurements  and  simulations  to  demon¬ 
strate  the  consequences  of  absorption  in  unde¬ 
pleted  regions  of  p-i-n  photodiodes. 
Specifically,  this  absorption  can  cause  compres¬ 
sion  when  operated  above  a  few  milliamps  due 
to  a  current-dependent  capacitance. 

As  received  photocurrents  increase  above 
10  mA  in  analog  and  digital  systems,  the  design 
of  linear  high-current  photodetectors  (PDs) 
which  maintain  a  desirable  linear  frequency 
response  (not  photocurrent  dependent)  with  low 
nonlinear  distortion  is  crucial.  This  paper 
addresses  the  effects  of  a  nonlinear  capacitance 
component  which  is  shown  to  be  due  to  an  unde¬ 
pleted  absorbing  region.  A  number  of  groups 
have  been  studying  surface-illuminated  [1-5], 
waveguide  [6,7],  and  traveling-wave  [8,9]  struc¬ 
tures  for  high  photocurrent  operation. 
Undepleted  absorbing  regions  in  all  these  pho¬ 
todetector  types  arise  from  unintentional 
dopants  within  the  InGaAs  absorber  which  can 
degrade  [10]  their  high  current  operation. 
Separately,  it  has  been  observed  [11-13]  that 
the  capacitance  of  photodiodes  can  increase 
under  illumination.  Here  it  will  be  shown  that 
the  increase  in  capacitance  at  higher  currents 
can  be  severe  and  it  is  sufficient  to  be  the  domi¬ 
nate  factor  in  the  compression  behavior  of 
high-current  PDs. 

In  the  measurement  system  [1,2,5]  used  to 
characterize  PD  frequency  response  at  high 
average  currents,  a  small  portion  of  a  directly- 
modulated  isolated  1313-nm  distributed  feedback 
laser  (DFB)  laser  output  is  combined  with  a 
high-power  isolated  1319-nm  CW  laser  output. 
The  lasers  are  separated  slightly  in  wavelength 
to  prohibit  generation  of  RF  beatnotes  in  the 
PD,  but  close  enough  to  achieve  good  overlap  of 
the  optical  fields  in  the  absorbing  layers.  The 
DFB  is  used  to  probe  the  PD  frequency  response 
while  the  average  current  is  controlled  with  the 
CW  laser.  Figure  1  shows  the  frequency 
response  of  a  commercial  300  pm  diameter  PD 
under  low-level  illumination  (200  pA)  from  the 
DFB  laser  only  for  applied  voltages  of  10,  17, 
and  20V  (solid  and  thin  lines).  In  addition,  Fig. 
1  shows  the  PD  response  when  the  CW  laser  is 


turned  on  to  yield  bias  voltage-photocurrent 
levels  of  20V-5mA,  20V-20mA  and  15V- 10mA 
(dashed  and  thick  lines).  In  the  figure,  the  17  V 
low-level  and  the  20V-5mA  response  curves  are 
indistinguishable.  Similarly,  the  10  V  low-level, 
the  20V-20  mA,  and  the  15V- 10mA  responses 
are  indistinguishable.  Thus  it  appears  that  the 
PD  capacitance  is  increasing  under  illumination. 

To  quantify  this  nonlinear  capacitance 
term,  dark  CV  measurements  were  performed  to 
determine  the  PD  capacitance.  To  determine 
the  capacitance  under  high  illumination  condi¬ 
tions  (which  the  CV  meter  could  not  measure), 
the  PD  frequency  response  curves  were  com¬ 
pared  to  the  PD  responses  under  low-level  illu¬ 
mination  and  assigned  the  capacitance,  deter¬ 
mined  under  dark  conditions,  that  yielded  the 
same  frequency  response.  Figure  2  shows  the 
results  for  the  PD  measured  in  Fig.  1 .  Note  how 
the  capacitance  for  the  20V-20mA,  15V-10mA 
and  lOV-OmA  conditions  are  equal,  as  the  PD 
frequency  response  curves  overlap  under  these 
conditions  (Fig.  1).  Note  how  the  capacitance 
can  increase  by  nearly  40%  (@10V)  for  only 
15mA  of  photocurrent.  This  will  degrade  the 


Frequency  (MHz) 

Figure  1 .  Measured  frequency  response  under 
10V,  17V  and  20  V  low-level  (DFB  only) 
conditions  (solid  thin  black  lines)  and  under 
20  V-5mA  (dashed  green),  20  V-20mA  (dashed 
blue),  and  15V-10mA  (dashed  red)  conditions. 
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bandwidth  and  RF  responsivity  at  higher  pho¬ 
tocurrents.  It  appears  that  the  nonlinear  capac¬ 
itance  is  solely  responsible  for  the  RF  photore¬ 
sponse  reductions  (compression)  since  the 
power  densities  (and  space-charge)  for  these  test 
conditions  are  insufficient  to  cause  significant 
compression.  Similar  results  were  obtained  for 
75  pm  diameter  PDs  from  the  same  manufac¬ 
turer,  however,  the  overlap  between  various 
low-  and  high-level  illumination  condition 
responses  was  not  as  close.  In  fact,  the  overlap 
varied  by  a  few  tenths  of  a  dB,  especially  at 
lower  frequencies  and  more  moderate  currents. 
This  may  be  due  to  the  influence  of  emerging 
space-charge  effects. 

To  investigate  the  cause(s)  for  this  non¬ 
linear  capacitance,  simulations  were  performed 
on  75  pm  diameter  PDs.  To  accurately  model 
these  devices,  dark  CV  measurements  (Fig.  3) 
are  used  to  gather  information  on  what  possible 
intrinsic  region  doping  levels  may  be  present. 
Note  how  the  capacitance  gradually  decreases 
with  increasing  voltage.  This  suggests  that  the 
intrinsic  region  continues  to  widen  as  the  bias 
increases.  Allowing  0. 1  pF  for  contact  capaci¬ 
tance,  two  possible  doping  profiles  were  modeled 
(Figs  4a  and  4b).  For  both  profiles,  it  was 
assumed  that  an  unintentional  diffusion 
(Gaussian  profile)  of  p-type  (4a)  or  n-type  (4b) 
atoms  was  present  in  the  InGaAs  absorber  in 
addition  to  the  background  density  of  n-type 
atoms  (lxl015cnr3).  Simulations  are  then  per¬ 
formed  to  determine  the  capacitance  of  these 
structures  under  low-  and  high-level  illumina- 


Figure  2.  Equivalent  capacitance  for  a  300  pm 
diameter  PD  under  illumination. 


Figure  3.  Capacitance-Voltage  measurements 
for  a  75-pm  diameter  photodiode  under  dark 
conditions. 


tion. 

The  charge  location  within  the  p-i-n  struc¬ 
ture  is  calculated  using  a  drift-diffusion  simula¬ 
tion  [5,10,14]  program.  The  differential  capac¬ 
itance  is  calculated  using  C  =  dQ/dV  (definition 
of  capacity),  where  dQ  is  the  change  in  charge 
for  a  given  change  in  voltage,  dV.  Figure  5 
shows  the  calculated  capacitance  under  dark 
conditions  for  both  n-type  and  p-type  i-region 
doping  profiles  (from  Fig.  4).  Note  how  the 
trend  in  capacitance  at  higher  voltages  is  similar 
to  the  CV  measurements  (Fig.  3)  for  this  PD. 


Distance  (pm) 

Figure  4a.  Modeled  doping  profile  for  an  p-i-n 
PD  with  an  unintentional  p-type  intrinsic 
region  diffusion. 
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Figure  4b.  Modeled  doping  profile  for  an  p-i-n 
PD  with  an  unintentional  n-type  intrinsic 
region  diffusion. 

The  model  is  also  used  to  calculate  capacitance 
under  uniform  illumination  conditions  and  1 0  V 
bias  (Fig.  6).  Note  how  the  capacitance 
increases  substantially  for  the  n-type  diffusion 
(25%)  while  for  the  p-type  diffusion,  the  capac¬ 
itance  peaks  before  decreasing  slightly.  A 
decrease  in  capacitance  would  result  in  a  increase 
in  PD  RF  responsivity  and  bandwidth.  This  has 
been  observed  in  several  different  PDs  [14] 
where  a  slight  current-dependent  increase  in  RF 
(not  DC)  responsivity  was  measured. 

Determining  the  cause  for  the  increase  in 
capacitance  for  the  unintentional  n-type  diffu¬ 
sion  PD  requires  a  detailed  look  at  the  carrier 
densities  within  the  i-region.  Figure  7  shows  the 
calculated  electron  and  hole  densities  under  dark 
conditions  and  at  20  mA.  Note  that  under  illu¬ 
mination  there  is  an  increase  in  the  minority 
(hole)  density  in  the  undepleted  InGaAs  region 
(2.6  to  3.5  pm).  Minority  carrier  build-up  in 
this  region  adds  a  capacitive  term  to  the  overall 
capacitance  which  is  similar  to  the  diffusion 
capacitance  for  a  p-n  junction  under  forward 
bias.  Recall  that  the  diffusion  capacitance  in  a 
p-n  junction  is  the  result  of  minority  carrier 
injection  into  the  quasi-neutral  base  region  of 
the  diode,  which  varies  exponentially  with 
applied  voltage.  The  voltage  dependence  of  the 
minority  carrier  build-up  in  our  case  does  not 
vary  as  rapidly  with  applied  voltage  (it  is  more  a 
function  of  illumination)  and  thus  this  term  is 
expected  to  be  less  than  the  diffusion  capaci¬ 
tance  for  p-n  junctions.  In  addition  to  the  hole 
build-up,  the  depletion  region  width  is  changing 
slightly.  Figure  8  is  an  expanded  view  of  the  n- 


Figure  5.  Capacitance  calculations  for  the 
75-pm  diameter  PD  doping  profiles  shown 
in  Fig.  4  under  dark  conditions. 


Figure  6.  Calculated  capacitance  for  a  75-pm 
diameter  PD  under  uniform  illumination  and 
10  V  bias. 


side  depletion  region  edge  where  it  can  be  seen 
that  the  depletion  region  width  is  widening 
under  high  illumination.  If  capacitance  were 
strictly  proportional  to  Area/distance  (A/d),  this 
would  suggest  that  the  capacitance  were 
decreasing  under  illumination  and  not  increasing. 
However,  the  capacitance  is  not  strictly  A/d 
when  space-charge,  nonlinear  electron  velocity- 
field  relationships,  and  minority  carriers  are 
included  in  the  dQ/dV  calculation.  Further  anal¬ 
ysis  of  these  effects  will  be  discussed  at  the  con¬ 
ference. 

In  conclusion,  we  have  made  measurements 
and  simulations  to  characterize  the  nonlinear 
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Figure  7.  Calculated  hole  and  electron  densities 
under  dark  conditions  and  20  mA  uniform 
illumination.  The  applied  voltage  is  10  V. 


Distance  (pm) 

Figure  8.  Calculated  hole  and  electron  densities 
near  the  n-side  depletion  region  edge  under  dark 
conditions  and  20  mA  uniform  illumination. 

The  applied  voltage  is  10  V. 

capacitance  behavior  in  p-i-n  photodetectors. 
It  appears  that  an  unintentional  n-type  diffusion 
into  an  otherwise  depleted  absorber  can  cause 
the  total  photodiode  capacitance  to  increase 
substantially  for  even  moderate  current  levels. 
This  nonlinear  capacitance  is  shown  to  domi¬ 
nate  the  compression  behavior  in  these  pho¬ 
todetectors. 

This  research  was  supported  by  the  Office  of 
Naval  Research. 
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Abstract  —  A  photonics-based  120-GHz 
transmitter  has  been  developed.  A  photodiode,  a 
planar  antenna  and  a  silicon  lens  were  integrated 
to  form  a  compact  millimeter-wave  (MMW) 
emitter.  The  MMW  signal  emitted  from  the 
transmitter  has  been  detected  with  a  waveguide- 
mounted  Schottky  diode.  The  received  power 
exceeded  100  pW,  which  is  the  highest  value  ever 
reported  for  photonic  MMW  transmitter  at 
frequencies  of  >  100  GHz. 


I.  Introduction 

Recently,  there  has  been  an  increasing  interest 
in  developing  photonics-assisted  microwave  and 
millimeter- wave  (MMW)  generators,  where 
optical  microwave  and  MMW  signals  are 
converted  to  electrical  ones  with  ultrafast 
optical-to-electrical  converters  such  as 
photodiodes  and  photoconductors.  In  particular, 
use  of  1.5  5 -pm-wavelength-based  photonic 
technology  is  essential  for  the  application  to  RF- 
front-ends  in  fiber-optic  links,  fiber-remoting 
phased  array  antennas  and  MMW 
instrumentation  [1-4].  Moreover,  most  recent 
progress  in  wide-bandwidth  and  high-power 
photodiodes  has  made  it  more  realistic  to  replace 
conventional  purely  electronic  microwave  and 
MMW  generators  with  those  based  on  photonic 
technologies,  since  generation  and  transmission 
of  MMWs  become  more  difficult  as  frequencies 
increase. 

In  this  paper,  we  demonstrate  for  the  first 
time  generation  and  transmission  of  >  100-GHz 
MMWs  based  on  1.55-pm  photonic  techniques. 
First,  the  configuration  of  our  fiber-optic 
transmitter  is  described.  Next,  the  output -power 
characteristics  of  the  uni-travelling-carrier 
photodiode  (UTC-PD)  chip  [5]  are  measured  at 
120  GHz.  Then,  the  UTC-PD  is  integrated  with 


a  slot-antenna  made  on  Si  and  a  Si-lens.  Finally, 
120-GHz  signal  from  the  photonic  transmitter  is 
detected  with  a  power  of  >  100  pW,  and  used  for 
successful  transmission  of  a  video  signal. 


Fig.l.  Schematic  diagram  of  millimeter-wave  transmitter 
based  on  1.55-pm  photonic  techniques. 


Fig.2.  Integrated  fiber-optic  millimeter-wave  emitter. 
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II.  Configuration  of  photonic  transmitter 

Figure  1  shows  a  schematic  diagram  of 
millimeter-wave  transmitter  based  on  1.55-pm 
photonic  techniques.  Optical  MMW  signals  are 
generated  at  specific  frequencies  and  amplified 
with  an  optical  fiber  amplifier. 

They  are  delivered  through  optical  fiber  cables 
to  an  integrated  emitter,  where  a  high-power 
photodiode,  such  as  UTC-PDs,  is  integrated  with 
a  planar  antenna.  The  configuration  of  the 
integrated  MMW  emitter  is  shown  in  Fig.  2.  The 
UTC-PD  chip  is  flip-chip  mounted  on  the 
antenna  made  on  Si  substrate  since  usual  UTC- 
PDs  require  backside  illumination.  The  antenna 
chip  is  bonded  to  the  hemispherical  Si-lens  in 
order  to  collimate  MMW  signals  in  the  opposite 
direction  of  the  optical  illumination.  This 
scheme  reduces  the  size  of  the  photonic  MMW 
emitter  and  simplifies  its  assembly. 


Fig.3.  Schematic  diagram  of  the  optical  120-GHz 
millimeter-wave  source. 


III.  Experiment 

A.  120-GHz  MMW  source 

Figure  3  shows  a  schematic  diagram  of  the 
120-GHz  MMW  source  used  in  the  experiment. 
The  optical  signal  is  generated  with  a 
subharmonically  mode-locked  laser  diode 
(MLLD)  integrated  with  an  electro-absorption 
modulator  [6],  The  MLLD  is  driven  at  30  GHz  to 
generate  the  second  harmonic,  60  GHz.  The 
optical  signal  is  frequency-doubled  to  120  GHz 
using  optical  multiplexer,  and  boosted  with  an 
optical  fiber  amplifier.  Typical  pulse  width  of  the 
optical  pulse  train  is  3-4  ps,  and  the  extinction 
ratio  is  >  20  dB  when  the  optical  filter  is  used. 

B.  Output  power  from  UTC-PD  chip 

First,  we  performed  an  on-wafer  measurement 
of  the  output  power  available  from  the  UTC-PD 
at  120  GHz.  The  optical  MMW  signal  is  focused 
onto  the  UTC-PD  chip.  To  detect  the  MMW 
signal  from  the  PD,  we  used  GGB  Industries’ 
MMW  probe,  which  consists  of  a  coplanar 
waveguide  tip,  a  coaxial  cable,  a  rectangular 


waveguide  (WR-10)  and  a  bias-T  for  the  PD. 
The  MMW  signal  is  measured  with  a  calibrated 
Schottky-diode  detector  mounted  on  a 
rectangular  waveguide  (WR-8).  Taper  transition 
is  used  to  connect  the  probe  and  detector 
waveguides. 


(a) 


(b) 

Fig. 4.  Measured  120-GHz  power  from  the  UTC-PD 
chip  using  MMW-probe  and  calibrated  Schottky  diode 
detector. 


Figure  4  shows  the  dependence  of  detected 
output  power  at  120  GHz  on  the  DC 
photocurrent  for  UTC-PDs  of  5.6-pm  and  8-pm 
diameter.  Their  maximum  3-dB  bandwidth,  as 
measured  by  time-domain  pulse  response,  are 
110-115  GHz  and  95-100  GHz,  respectively. 
Estimated  loss  from  the  pads  of  the  PD  chip  to 
the  detector  is  about  3  dB  at  120  GHz.  So,  the 
actual  PD  power  is  higher.  The  available  MMW 
power  is  mainly  determined  by  the  bandwidth  and 
saturation  characteristics  of  the  PD.  As  shown  in 
Fig.  4(a),  the  8-pm  diameter  PD  generates  more 
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power  than  5.6-pm  one,  since  its  saturation 
current  is  much  higher.  At  lowpower  excitation, 
or  low  current  level,  radiation  efficiency  of  the 
5.6-pm  PD  is  much  higher  than  8-pm  one  due  to 
high  bandwidth.  As  shown  in  Fig.  4(b),  increase  of 
DC  bias  is  effective  for  lifting  up  the  saturation 
level  at  high  power  excitation.  Maximum 
detected  power  is  0.5  mW,  which  indicates  that 
at  least  1  mW  is  generated  internal  to  the  UTC- 
PD  chip. 

C.  Integrated  emitter 

Photograph  of  the  integrated  MM W  photonic 
emitter  is  depicted  in  Fig.  5.  120-GHz  slot 
antenna  is  fabricated  with  a  Si-micromachine 
process  [7].  It  is  designed  and  characterized  with 
3 -dimensional  electromagnetic  simulator  and 
optoelectronic  MMW  network  analyzer  [8], 
respectively.  The  optimized  size  of  the  slot  is 
774-pm  length  and  95-pm  width  [9].  The  UTC- 
PD  is  mounted  to  the  antenna  by  a  flip-chip 
bonding.  This  PD  has  integrated  bias  circuitry 
for  externally  applying  DC  voltage. 
Hemispherical  Si  lens  with  a  diameter  of  1 0  mm 
is  attached  to  the  antenna  chip.  From  the 
simulation,  >  70-%  of  the  UTC-PD  MMW 
power  can  be  collimated  and  radiated  from  the 
emitter. 


Fig.  5.  Photograph  of  the  integrated  MMW  photonic 
emitter. 


D.  Transmission  experiment 

Figure  6  shows  a  setup  for  measuring  MMW 
signal  from  the  integrated  photonic  emitter. 
Radiated  MMW  signal  is  first  collimated  with  a 
Teflon  lens  and  transmitted  in  the  space.  Then, 
the  MMW  signal  is  focused  by  another  Teflon 
lens  to  the  receiver  with  a  horn  antenna.  The 
receiver  is  an  waveguide-mounted  Schottky- 
diode.  The  power  of  the  received  MMW  signal  is 


measured  by  the  calibrated  DC  voltmeter.  In  the 
experiment,  we  used  the  5.6-pm  diameter 
photodiode  to  show  a  high-efficiency  operation, 
though  the  available  power  is  smaller. 


Schottky  Horn 
Diode  Antenna 


Integrated 

Emitter  Optical 

Amplifier 

^1— 


o— - £>-*-TV  Monitor 


Fig.6.  Setup  for  measuring  MMW  signal  emitted  from 
fiber-optic  transmitter. 


Dependence  of  the  received  power  on  the 
photocurrent  is  plotted  as  a  function  of  DC  bias 
voltage  from  0  to  1.5  V  in  Fig.  7.  The  maximum 
detected  MMW  power  at  120  GHz  is  140  pW  for 
a  DC  bias  of  as  low  as  1.5  V,  and  15  pW  is 
obtained  even  for  zero-bias  operation. 

Finally,  we  applied  the  video  signal  from  the 
digital  video  camera  to  the  optical  intensity 
modulator,  and  the  modulated  120-GHz  signal  is 
transmitted  and  received  with  the  same  setup  of 
Fig.  6.  The  output  of  the  Schottky-diode  receiver 
is  amplified  and  delivered  to  the  video-signal 
monitor.  Even  with  the  zero-bias  operating 
condition,  the  video  signal  is  successfully 
demodulated  in  the  TV. 


Fig. 7.  Dependence  of  detected  120-GHz  power  on 
photodiode  current  of  the  emitter  as  a  function  of  DC 
bias  voltage. 
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IV.  Conclusion 

We  have  demonstrated  120-GHz  transmitter 
based  on  photonic  techniques.  First,  it  is  shown 
that  the  maximum  detected  power  from  the 
UTC-PD  is  0.5  mW  at  120  GHz,  implying  that  > 
1  mW  should  be  generated  in  the  chip.  The  UTC- 
PD  is  integrated  with  a  slot  antenna  fabricated  on 
Si-substrate,  and  with  a  Si-lens.  The  transmitted 
120-GHz  signal  is  received  by  a  Schottky-diode 
detector.  We  have  obtained  >  100  pW  power, 
even  when  the  photodiode  is  operated  at  the 
battery-operation  level  of  as  low  as  1-1.5  V. 

A  video  signal  is  also  transmitted  and  received 
with  120-GHz  MMW  signals.  These  results 
indicate  that  the  photonics-assisted  MMW 
generation  and  transmission  is  possible  at 
frequencies  of  >  100  GHz  for  the  application  in 
future  communication,  sensor  and  measurement 
systems. 
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Abstract  -  A  uni-traveling-carrier  refracting- 
facet  photodiode,  a  short-stab  bias  circuit,  and  a 
patch  antenna  were  monolithically  integrated  to 
make  a  compact  and  low-cost  millimeter-wave 
photonic  emitter  for  fiber-radio  applications. 
The  device  emits  the  maximum  effective 
radiation  power  of  17±3  dBm  at  60  GHz. 

I.  Introduction 

To  meet  the  rapidly  increasing  demand  for 
high-bit-rate  wireless  communication  systems, 
millimeter-wave  (MMW)  radio  has  been 
attracting  much  interest  as  the  access  medium. 
A  fiber  radio  system  is  very  suitable  for  such 
MMW  systems  not  only  because  fiber  has 
wideband  low-loss  transmission  properties  but 
also  because  the  concentration  of  modems  and 
controllers  in  a  central  station  can  simplify  the 
antenna  base  stations  [1]. 

A  MMW  photonic  emitter  is  one  of  the  key 
components  in  base  stations.  When  a 
conventional  p-i-n  photodiode  (PD)  is  used  as 
the  optical/electrical  converter,  an  electrical 
high-frequency  amplifier  is  usually  needed  in 
order  to  produce  enough  MMW  power  [2,  3]. 
On  the  other  hand,  a  high-output-power 
photodiode  makes  it  possible  to  construct  the 
MMW  photonic  emitter  without  an  expensive 
post  amplifier.  It  has  been  demonstrated  that 
much  higher  MMW  power  can  be  generated 
using  a  uni-traveling-carrier  photodiode  (UTC- 
PD)  [4,  5],  which  provides  a  large  3-dB 
bandwidth  and  a  high-saturation-output  power  at 
the  same  time.  60-GHz  and  40-GHz  high- 
power  MMWs  have  been  directly  emitted  using 


UTC-PDs  and  horn  antennas  [6,  7].  However, 
for  practical  applications,  besides  the  post 
amplifiers,  the  costly  and  bulky  external  bias-tee 
circuits  and  the  component  interconnections 
should  also  be  eliminated. 

In  this  paper,  we  report,  to  our  knowledge, 
the  first  monolithically  integrated  optically-fed 
MMW  photonic  emitter  consisting  of  a  UTC 
refracting-facet  photodiode  (UTC-RFPD)  [8],  a 
short-stab  bias  circuit  [5],  and  a  patch  antenna. 
The  fabricated  device  emits  61 -GHz  MMW  with 
an  effective  radiation  power  of  17±3  dBm, 
which  makes  it  applicable  for  practical  wireless 
communications. 

II.  Circuit  Design  and  Device  Fabrication 

The  circuit  diagram  of  the  monolithically 
integrated  MMW  photonic  emitter  is  shown  in 
Fig.  1.  To  provide  a  3-dB  bandwidth  large 
enough  for  60-GHz  operation,  the  UTC-RFPD 
was  designed  to  have  a  260-nm  thick  p-InGaAs 


Fig.  1  Circuit  diagram  of  the  monolithic 
millimeter-wave  photonic  emitter. 
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photoabsorption  layer  and  a  32-pm^  absorption 
area.  The  short-stub  bias  circuit  consists  of  a 
1/4-wavelength  (A/4)  microstrip  line  (MSL)  and 
metal-insulator-metal  capacitor  [8],  The 
length  of  the  MSL  was  designed  to  be  480  pm 
for  operation  at  60  GHz.  The  A/4  MSL  bias 
circuit  is  better  than  the  widely  used  spiral 
inductor  for  narrow-band  applications  in  terms 
of  device  area  and  process  simplicity.  The 
length  of  the  50-Q  MSL  feeder  was  set  to  A/2. 
The  60-GHz  patch  antenna  was  designed  using  a 
numerical  simulator  (Agilent  Momentum)  for  a 
100-pm  thick  InP  substrate  (er=  12.4). 

The  diode  epitaxial  layers  were  grown  on  a 
semi-insulating  InP  substrate  by  low-pressure 
MOCVD.  The  fabrication  process  of  the 
monolithic  MMW  emitter  is  almost  the  same  as 
that  of  the  single  UTC-RFPD  [7]  except  for  the 
metalization  on  the  back  side  for  the  ground 


Fig.  2  Photograph  of  the  fabricated  monolithic 
MMW  photonic  emitter  chip. 


plane  of  the  microstrip  line.  Fig.  2  shows  a 
photograph  of  the  fabricated  monolithic  MMW 
emitter.  The  antenna  area  is  740  x  656  pm 
and  the  chip  size  is  1.2  x  1.8  mm.  The  UTC- 
RFPD  has  a  3-dB  bandwidth  of  70  GHz  at  a  DC 
bias  voltage  (Vpj)  of  -2  V  and  a  photocurrent  of 
3  mA  and  a  responsivity  of  0.35  A/W  for  1.55- 
pm-wavelength  when  the  incident  light  is 
focused  on  the  device  through  a  lensed  single¬ 
mode  fiber. 

III.  Experiments  and  Results 

The  performance  of  the  fabricated  photonic 
emitter  was  characterized  on-wafer  using  the 
measurement  system  shown  in  Fig.  3.  A 
subcarrier-multiplexing  (SCM)  light  was 
generated  by  the  carrier  suppressed  modulation 
method  [9].  A  1.55-pm  CW  light  from  a 
distributed  feedback  laser  diode  (DFB-LD)  was 
modulated  by  a  LiNbC>3  Mach-Zehnder  (LN- 

MZ)  modulator  [10]  biased  at  the  transmission 
null  point  and  driven  by  an  electrical  signal  with 
half  the  desired  MMW  frequency.  The 
generated  60-GHz  SCM  light  signal  with  an 
optical  modulation  index  of  over  0.95  was 
boosted  by  an  EDFA  before  being  focused  on  the 
UTC-RFPD.  MMW  radiation  generated  by  the 
emitter  was  transmitted  in  free  space  for  0.5  m 
and  received  by  a  horn  antenna  with  a  gain  of  25 
dBi.  A  spectrum  analyzer  was  used  to  detect  the 
MMW  signal. 

Figure  4  shows  an  electrical  spectrum  of  the 
received  MMW  obtained  when  the  LN-MZ  was 


Fig.  3  Experimental  setup  for  measuring  MMW  signal  radiated  from  the  monolithic  emitter. 


230 


WE3.4 


ml  i&.edB't  iwb/  8i .  eeBaaasMi 


z 

issr 

li.i 

a  & 

ir 

wi 

IS*" 

1 

J 

J 

v 

If * 

n 

m 

MW 

W 

4- 

\ 

* 

tfui 

W 

L 

r 

□z 

T“ 

. 

. 1 

CENTER  El  BBHaaaSHx  SPAN  i,08BMHb 

RBN  lflkttZ  MBW  IBk  Hi  SUP  5,3.  Bta* 


Fig.  4  Measured  spectrum  for  61 -GHz  MMW 
signal. 


Fig.  5  The  MMW  output  power  dependence 
on  the  subcarrier  frequency. 

driven  at  30.5  GHz.  A  sharp  61 -GHz  MMW 
signal  was  observed.  Frequency  characteristics 
of  the  monolithic  MMW  emitter  are  shown  in 
Fig.  5.  The  frequency  of  the  SCM  light  was 
varied  while  keeping  Vpcj  and  the  average 
photocurrent  at  -1.5  V  and  4  mA,  respectively. 
The  output  characteristics  show  a  resonant 
frequency  of  61  GHz  and  a  3-dB  bandwidth  of  1 
GHz.  The  sidelobe  at  around  58  GHz  and  tail  at 
over  62  GHz  is  probably  mainly  caused  by  the 
frequency  dependence  of  the  matching  condition 
between  the  UTC-RFPD  and  the  antenna. 

Fig.  6  shows  the  dependence  of  the  received 
MMW  power  on  the  average  optical  input 
power  at  61  GHz  for  several  Vp(j’s.  Here,  the 
optical  input  power  was  changed  by  a  variable 


optical  attenuator.  Calibration  for  the  loss  due 
to  waveguide/coaxial  adapters  and  the  coaxial 
cable  was  made  in  plotting  the  data.  The 
saturated  power  increased  from  -38  to  -24  dBm 
with  increasing  Vp^  from  0  V  to  nl  .5  V.  The 

received  power  shows  a  good  linearity  up  to  the 
optical  input  power  of  16  dBm  for  Vp(j  of  n2.5 
V.  The  average  photocurrent  in  this  condition 
could  be  as  high  as  14  mA  (28  mAp_p)  because  of 
the  UTC-structure  of  the  PD.  The  maximum 
received  MMW  power  of  n20.5  dBm  was 
obtained  for  Vp{j  of  n2.5  V  at  an  average  optical 

input  power  of  17  dBm.  Considering  the  basic 
transmission  loss  in  free  space  and  the  gain  of 
the  horn  antenna,  the  corresponding  effective 
radiation  power  of  the  device  was  estimated  to 
be  17±3  dBm  including  the  gain  of  the  patch 
antenna.  This  indicates  that  the  MMW  power 
of  n50  dBm  can  be  received  with  an  antenna 
with  25-dBi  gain  even  at  a  distance  of  15  m 
from  the  MMW  emitter.  In  Fig.  6,  the  MMW 
power  in  the  linear  response  region  obtained  at 
Vpd  =  0  V  is  3  dB  smaller  than  those  for  larger 
negative  bias  voltages.  This  is  not  due  to  the 
change  in  the  intrinsic  frequency  response  of  the 
PD.  At  Vp(i  =  0  V,  the  diode  junction 
capacitance  is  somewhat  larger,  which  might 
result  in  off-matching  with  the  antenna  at  61 
GHz  and  cause  the  output  reduction. 


Fig.  6  MMW  received  power  dependence  on 
the  optical  input  power.  The  emitted 
MMW  was  received  by  the  horn 
antenna  with  25-dBi  gain  after  0.5-m 
free  space  transmission. 
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IV.  Conclusion 

We  have  fabricated  a  monolithically 
integrated  MMW  photonic  emitter  consisting  of 
a  UTC-RFPD,  a  short-stab  bias  circuit,  and  a 
patch  antenna  for  60  GHz  fiber-radio 
applications.  When  61 -GHz  SCM  light  was 
injected  into  the  MMW  emitter,  the  maximum 
MMW  power  of  -20.5  dBm  was  received  using  a 
horn  antenna  with  25-dBi  gain  at  a  point  0.5-m 
from  the  MMW  emitter.  This  indicates  that 
the  device  has  the  potential  to  emit  enough 
MMW  power  for  practical  applications.  This 
monolithic  device  technology  enables  us  to 
eliminate  the  electrical  high-frequency  amplifier 
and  simplify  the  configuration  of  the  MMW 
emitter.  These  merits  are  very  attractive  for 
making  compact  and  low-cost  MMW  photonic 
emitter  modules. 
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1.  Introduction 

Photonics  for  phased  array  antennas  and 
hybrid  /  fiber  millimeter  wave  communication 
systems  are  being  considered.  For  these 
systems  to  be  cost  effective  the  integration  of 
photonics  with  millimeter  wave  components  in 
a  single  module  that  can  operate  up  to  Q/V- 
Band  is  recommended.  To  accomplish  this 
high  level  of  integration,  opto-electronic 
monolithic  integrated  circuits  (OEICs)  must  be 
developed  and  housed  in  low-cost  packaging 
incorporated  with  antennas. 

2.  Photoreceivers  for  millimeter  wave 
systems 

The  first  step  in  the  development  path  is  to 
demonstrate  a  high  performance 
photodetector,  then  integrate  it  with  MMIC 
amplifiers  to  form  a  photoreceiver  module.  To 
accomplish  this,  a  new  65  GHz  "Dual 
Depletion,  InGaAs/InP  Photodetector"  was 
designed,  fabricated  and  tested.  A  menu- 
driven  program  in  Visual  Basic  was  compiled 
which  accurately  predicts  the  bandwidth  of  the 
InGaAs  PIN  diode  vis-a-vis  its  transit  time, 

RC  time  constant,  and  the  effect  of  packaging 
parasitics. 

For  accurate  verification  of  the  computer 
simulation  model,  several  packaged  50  GHz 
microwave  InGaAs  PIN  diodes  were 
assembled  and  the  experimental  results  of  the 
bandwidth  (any  observed  resonance  and  ripple 
factor)  were  compared  to  the  computer  model. 
A  frequency  response  of  the  packaged  10  um 
diameter,  fiber  pigtailed,  microwave  InGaAs 


PIN  diode  is  shown  in  Figure  1 .  From  the 
above  frequency  response  plot  it  is  clear  that 
the  ripple  factor  is  less  than  ±  1  dB  for  a  wide 
band  of  frequencies,  DC  to  50  GHz,  which 
compares  with  the  model.  The  accurate  high 
frequency  InGaAs  PIN  computer  model 
developed  has  vastly  improved  the 
performance  of  available  microwave  InGaAs 
PIN  diodes. 


Figure  1.  Frequency  response  of  InGaAs 
co-planar  waveguide  output 
microwave  PIN  diode 

Combining  these  photodetectors  with  MMICs 
to  form  photoreceivers  will  reduce  packaging 
costs.  A  photoreceiver  module  was  built  using 
a  40  um  photodetector,  a  transimpedance  pre¬ 
amplifier,  and  a  distributed  amplifier.  When 
used  as  a  post  photodetector  amplifier  in  high 
data  rate  applications,  the  distributed  amplifier 
has  the  potential  of  lower  noise  when 
compared  to  a  common  source  amplifier  [1]. 
The  packaged  photoreceiver  and  the  frequency 
response  are  shown  in  Figure  2a  and  Figure 
2b,  respectively.  The  next  development  step  is 
to  combine  these  functions  into  a  single  OEIC. 
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Figure  2a.  Packaged  photoreceiver 


Frequency(GHz) 

Figure  2b.  Frequency  response  of  photoreceiver 
having  1000  V/W  conversion  gain  at  1.55 
micrometer  and  30  dB  power  gain 

3.  Millimeter  Wave  Photonic  Multi-level 
Module 

As  the  operating  frequency  of  phased  array 
systems  approaches  beyond  20  GHz,  the 
antenna  size  approaches  the  size  of  the 
MMICs.  Hence,  single-layer  planar  techniques 
cannot  be  implemented  due  to  the  large 
module  footprint.  The  most  advantageous 
way  to  maintain  a  footprint  compatible  with 
Ka-band  and  higher  frequency  systems  is  to 
reduce  the  size  of  the  microwave  photonics 
through  monolithic  integration,  and  package 
the  modules  using  commercial  multi-level 
techniques. 

A  first  generation  multi-level  module  was 
developed  consisting  of  two  levels  as  shown  in 
Figure  3a  to  demonstrate  the  concept  [2],  The 
antenna  level  consists  of  four  planar  patch 
elements.  The  patch  design  is  0.49Ag  by 


0.49Xg  and  the  spacing  is  0.5Xo.  The  antenna 
dimension  is  1.174  by  1.174  sq.  mm  on  a 
substrate  with  £r  of  9.8.  The  transmitter  level 
consists  of  photodetector  and  amplifiers.  The 
medium  power  amplifier  selected  for  the 
demonstration  has  22  dB  of  gain  at  40  GHz. 
The  module  was  fed  by  a  fiber  carrying  a 
millimeter  wave  signal.  The  radiated  energy 
was  measured  as  a  function  of  frequency  as 
shown  in  Figure  3b. 


Figure  3a.  Millimeter  wave  photonic  module  concept 
(The  module  dimensions  are  7.5  mm  x  7.5  mm) 


Figure  3b.  Measured  radiation  power  of  the  module 
as  a  function  of  optical  modulation  frequency 


To  make  these  modules  cost  effective  for 
optically  controlled  phased  arrays,  an  OEIC 
has  been  developed  as  shown  in  Figure  4  and  a 
multi-level  module  that  can  be  manufactured 
in  a  high  volume  batch  fabrication  process  at 
Ka-Band  is  shown  in  Figure  5.  The  second- 
generation  module  is  a  multi-layer  structure 
utilizing  an  enhanced  circuit  processing 
technique  that  combines  the  low  cost  of  thick 
film  technology  with  the  high -resolution 
etching  of  thin  film  technology. 
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Figure  4.  An  OEIC  consisting  of  a  photodetector 
and  amplifier  sections 


Microstrip 
Layer  1 


Dielectric  layer 
Layer  2 


Dielectric  layer 
Layer  4 


couplers 


4 is*  Patch  antennas 
Layer  5 


Figure  5.  Millimeter  wave  photonic  module  for 
high  volume  batch  fabrication 

The  layer  structure  is  depicted  in  Figure  5  and 
dimensioned  in  Table  1.  The  multi-layer 
module  is  1 1 .9  mm  square  and  consists  of  the 
microstrip  circuit,  feed  structure,  and  antenna 
array.  The  module  uses  a  planar  patch  antenna 
array  (Layer  5)  to  produce  a  directional 
radiation  pattern.  A  slot  coupler  (Layer  3) 
feeds  each  patch  in  the  array.  The  couplers  are 
in  turn  fed  by  a  microstrip  feed  network  on 
low  loss  dielectric  containing  microstrip  power 
dividers  (Layer  1).  A  5  mil  thick  BeO 
substrate  (Layer  4)  provides  good  thermal 
conductivity  to  the  OEIC  and  support  for  the 
patch  antenna.  A  Kovar  housing  is  brazed 
onto  Layer  3,  providing  a  good  RF  ground  and 
support  for  the  fiber  optic  cable  and  DC 
power.  Since  the  housing  is  brazed,  the 
module  can  be  made  hermetic. 


Table  1.  Module  layer  structure 


Layer 

Material 

Function 

1 

Gold 

Microstrip  feed 

2 

Dielectric 

Microstrip  circuit 

3 

Gold 

RF  ground,  Slot  couplers 

4 

Dielectric 

Heat  sink 

5 

Gold 

Patch  antenna 

The  patch  antennas  are  arrayed  in  a  2-by-2 
configuration  having  a  pitch  of  0.8  Xo, 
optimizing  for  module  size  while  maintaining 
low  sidelobe  levels.  The  Fields  in  the 
microstrip  transmission  line  feed  are  perturbed 
by  the  coupling  slot  on  the  ground  plane, 
creating  surface  currents  on  the  slot  which 
radiate  through  the  dielectric  and  are  directed 
by  the  patch  as  shown  in  Figure  6.  The 
antenna  dimensions  and  simulated  results  are 
given  in  Table  2.  The  multi-level  microstrip 
feed,  slot  and  antenna  structure  is  optimized 
using  an  electromagnetic  simulator, 
considering  ohmic  loss,  dielectric  loss, 
radiation  loss,  and  surface  wave  loss.  The 
radiation  pattern,  in  Figure  7,  shows  the  gain  is 
9.0  dB  and  the  sidelobes  are  down  greater  than 
10  dB  from  the  main  beam. 


Figure  6.  Current  density  of  the  multi-level 
antenna  structure 


Table  2.  Antenna  design  parameters 


Parameter 

Dimension  (mm) 

Slot  width 

0.20 

Slot  Length 

0.85 

Patch  Size 

1.13 

TL  width 

0.26 

Predicted  Gain 

9.5  dB 

Predicted  Sll 

-19.5  dB 
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Figure  7.  Simulated  radiation  pattern  of  the  four- 
element  planar  patch  array  at  40  GHz 


4.  Conclusions 

Photodetectors  with  >  50  GHz  bandwidths 
have  been  developed  using  a  new  modeling 
software.  This  photodetector  technology  is 
used  in  an  initial  development  of  an  OEIC. 

The.  demonstration  of  a  first  generation 
photonic  module  was  performed  using  these 
photodetectors.  This  work  was  supported 
under  a  Phase  I  and  Phase  II  Small  Business 
Innovation  Research  (SBIR)  program  [3]  to 
demonstrate  a  multi-level  photonic  module  in 
a  fully  monolithic  form  using  advanced 
packaging  techniques  with  a  goal  toward  cost 
reduction. 
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Introduction 

Superconducting  mixers  are  among  the 
most  sensitive  detectors  of  radiation  built  to 
date.  They  are  becoming  widely  used  in 
astronomy  and  remote  sensing  in  the  mm  and 
sub-mm  wave  regions  [1].  High  Tc 
superconducting  devices  are  under 
investigation  by  a  number  of  laboratories  for 
future  instruments  and  space  missions.  In 
particular  superconducting  hot-electron 
bolometer  mixers  are  being  developed  for  THz 
detection  [2],  In  order  to  best  make  use  of 
these  devices  a  compact  source  of  local 
oscillator  signals  is  vital,  and  continues  to  be 
the  subject  of  considerable  research  around  the 
world. 

Optoelectronic  control  of  mm-wave 
and  potentially  of  sub-mm  wave  local 
oscillator  signals  for  these  devices  is  a  very 
versatile  technology  which  allows  the 
integration  of  a  large  number  of  telescopes 
into  a  single  coherent  receiver  [3],  Current 
approaches  to  this  use  fast  photodetectors  to 
convert  optical  signals  to  electrical  signals 
which  are  then  applied  to  the  mixer  devices. 
As  a  simple  rule  of  thumb  approximately  1 
pW  of  RF  power  is  required  for  each 
superconducting  mixer  compared  to  ~lmW  for 
Schottky  diode  mixers  [7], 

The  subject  of  this  paper  is  the 
development  of  high  temperature 
superconducting  devices  which  are  both  mixer 
and  fast  photodetector  in  order  to  realize  the 
direct  mixing  of  electrical  and  optical  signals 
without  the  need  for  a  the  intermediate  optical 
to  electrical  conversion  stage. 


The  HTSC  photoresponse. 

Ultrafast  optical  spectroscopy  [4]  and 
optoelectronic  measurements  [5]  have  shown 
that  high  temperature  superconductors  exhibit 
a  very  fast  sub-picosecond  response  to  optical 
excitation.  In  simple  current  biased 
microbridges  (~5xl0p.m)  two  distinct 
photoresponses  were  discovered  which  result 
in  quite  different  voltage  waveforms.  Close  to 
Tc  a  simple  bolometric  signal  is  observed 
which  converts  the  rise  in  electron  temperature 
into  a  change  in  the  resistance  of  the  device. 
Somewhat  below  Tc,  where  resistance  is 
insignificant,  another  signal  was  observed  with 
a  very  different  temporal  characteristic  which 
has  been  identified  with  the  changes  in  the 
kinetic  inductance  of  the  superconductor.  The 
kinetic  inductance  (referring  to  the  energy 
stored  in  the  motion  of  charge  carrying 
particles)  is  an  insignificant  contribution  to  a 
normal  conductor  (in  comparison  to  its 
resistance),  but  in  the  case  of  a  superconductor 
it  can  be  a  large  contribution  to  the  RF 
response  [6].  In  the  case  of  a  photoresponse 
the  rapid  drop  in  the  density  of 
superconducting  charge  carriers  results  in  a 
voltage  as  the  remaining  particles  accelerate  to 
maintain  current  continuity.  The  accelerating 
voltage  arises  from  the  pile  up  of  carriers 
outside  the  excited  region  immediately  after 
the  excitation.  This  response  is  particularly 
interesting  from  the  perspective  of  our  work  as 
it  produces  a  fast  signal  at  low  temperatures 
which  increases  in  strength  with  increasing 
frequency. 

A  simple  physical  model  [8]  of  the 
response  is  based  on  thermal  rate  equations. 
Initial  photoexcitation  of  electrons  rapidly 


0-7803-6455-4/00/$1 0.00  ©  2000  IEEE 


237 


WE3.6 


(<100fs)  produces  a  hot  thermal  population  of 
electrons  which  subsequently  relaxes  by 
scattering  with  phonons  and  superconducting 
particles  when  present.  Two  rate  equations  are 
used  to  model  the  cooling  of  the  electrons  and 
the  phonons  with  time  constants  determined 
from  the  literature  and  ultrafast  optical 
measurements. 
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The  heat  capacities  Ce  and  Cp  refer  to  the 
electronic  and  lattice  contributions  to  the  total 
heat  capacity. 

This  model  assumes  an  instantaneous 
photoexcitation  in  which  the  excited  particles 
immediately  achieve  a  thermal  distribution.  In 
reality  the  process  of  electron-electron 
scattering  which  converts  photoexcited  carriers 
into  a  hot  thermal  population  takes  some  time 
(~  50fs)  This  ultimately  limits  the  range  over 
which  the  model  may  be  usefully  employed. 
Solving  equations  1  and  2  using  a  modulated 
optical  excitation  corresponding  to  the  beat 
signal  between  two  slightly  detuned  lasers 
results  in  closed  form  expressions  for  the 
electron  and  lattice  temperatures  respectively. 
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Where  P  is  the  optical  power  incident,  xes  is 
the  phonon  escape  time,  xphe  is  the  phonon- 
electron  scattering  time,  V  the  excited  volume, 
a  the  efficiency  of  light  absorption  (~0.8).  The 
bolometric  signal  (Vb0i)  and  kinetic  inductance 
signal  (Vkin)  from  the  device  are  given  by: 
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where  C0p  is  the  Drude  plasma  frequency,  the 
device  is  of  dimensions  Ixwxd,  e<)  is  the 
dielectric  permittivity  of  free  space,  and  Tc  is 
the  critical  temperature  of  the  superconductor. 
It  is  important  to  note  that  the  expression  of 
Vkin  is  only  valid  for  T<TC.  Figure  1  shows  the 
response  curves  described  by  the  above  with 
constants  extracted  from  the  literature  and 
from  ultrafast  optical  measurements. 


Modulation  frequency  (Hz) 


Figure  1:  Calculated  signals  from  a  60x5  micron 
bridge  excited  using  lmW  laser  power  at  10mA 
drive  current  for  T12201  and  YBCO. 


The  data  show  curves  for  two  materials, 
YBCO  (YBa2Ca3Cu6.95)  and  T12201 
(Tl2Ba2Cu06)  assuming  lmW  optical  power 
and  10mA  bias  current  set  at  the  temperature 
for  maximum  responsivity.  Clearly  T12201  is 
likely  to  be  a  better  material  for  this  device, 
due  largely  to  its  much  lower  electronic  heat 
capacity  [Ce(T12201):Ce(YBCO)=l/37],  The 
rise  in  the  strength  of  the  kinetic  inductance 
response  at  high  frequencies  is  caused  by  the 
sensitivity  to  the  rate  of  change  in  the  electron 
temperature  (Te)  rather  than  Te  itself.  At  the 
high  end,  close  to  ITHz  we  expect  a  rapid  fall 
off  in  the  response  as  the  limiting  time  to  form 
a  thermal  electron  population  begins  to  limit 
the  electron  temperature  modulation.  The  data 
from  optical  spectroscopy  suggests  that  this 
limit  is  reached  above  -1 .5THz. 
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Experimental 

Our  initial  work  has  focussed  on  low 
temperature  testing  of  the  model  using  simple 
YBCO  devices  (for  which  better  quality 
samples  are  presently  available).  The  samples 
were  obtained  from  THEVA  GmBh  and 
consisted  of  lOOnm  of  YBCO  grown  on 
SrTi03  and  MgO.  The  films  were  patterned 
using  optical  lithography  via  Shipley  SI 805 
photoresist.  The  device  structures  tested  were 
25  micron  square  bridges  located  at  one  end  of 
a  gold  microstrip  waveguide,  with  a  1mm 
bond  pad  forming  the  earth  connection.  This 
microstrip  was  bonded  to  an  SMA  microstrip 
launcher.  Semi  rigid  coaxial  cables  were  used 
to  connect  the  device  in  a  cold  finger  cryostat 
via  a  bias  T  to  an  RF  spectrum  analyzer.  The 
samples  were  biased  using  Keithley  2400 
source  measure  unit,  and  a  low  frequency 
responsivity  was  measured  using  a  lockin 
amplifier.  The  modulated  optical  excitation 
was  provided  by  two  1.53fim  DFB  lasers 
which  were  temperature  and  current  controlled 
to  provide  a  tuneable  beat  frequency  from 
100MHz  to  >20GHz  (upper  limit  imposed  by 
the  spectrum  analyzer,  the  laser  can  achieve 
difference  frequencies  of  >lTHz).  The 
maximum  useful  optical  power  provided  by 
these  lasers  was  3mW  at  the  device.  Figure  2 
shows  a  simple  schematic  of  the  test  system. 
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Figure  2:  Optical  heterodyne  test  experiment  used 
to  measure  low  frequency  signal  generation  in 
HTSC  devices. 

Figure  3  shows  an  optical  micrograph  of  an 
YBCO  device  fabricated  as  described  above. 
The  microstrip  line  is  designed  to  achieve  50 
Q  impedance.  The  microbridge  is  25  microns 
wide  by  30  microns  long.  The  microstrip  and 


contact  pad  are  evaporated  gold  patterned 
using  a  lift  off  technique. 


Figure  3.  The  YBCO  microstrip  device  showing  the 
waveguide  and  the  microbridge  dimensions. 


Tests  were  performed  by  keeping  the  cryostat 
at  its  base  temperature  of  78K  and  then  biasing 
the  device  until  its  resistance  begins  to  return 
at  which  point  dR/dT  is  maximised.  At  15mA 
this  resulted  in  a  low  frequency  response  of 
approximately  lOmV  from  a  lmW  optical 
excitation. 

Using  the  spectrum  analyser  the  output 
signal  from  the  device  was  recorded  while 
current  tuning  one  of  the  two  DFB  lasers 
(tuning  rate  1.3GHz/mA).  Figure  4  shows  the 
results. 


Figure  4.  Output  signals  from  the  YBCO  photomixer 
compared  to  the  results  of  the  hot  electron  model 
assuming  coupling  to  a  500  load. 
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The  fitted  line  is  from  the  thermal  model  using 
the  known  constants  for  YBCO  with  a  scaling 
factor  to  account  for  the  unknown  losses  in  the 
waveguide  to  coaxial  transition.  The  model  fit 
assumes  a  50Q  load  coupled  to  the  device.  The 
data  has  been  corrected  for  the  losses  of  the 
bias  T  network.  At  around  -40dB  the  signal 
shows  a  flat  plateau  although  this  is  very  close 
to  the  noise  floor  of  the  equipment.  Clearly  the 
plateau  present  in  the  model  is  also  shown  in 
the  data  which  implies  a  nearly  flat  response 
up  to  frequencies  of  100GHz  and  beyond.  The 
present  experiment  is  not  able  to  measure 
above  18GHz,  but  future  measurements  will 
use  quasi-optical  techniques  to  extend  the 
measurements  up  to  and  beyond  300GHz. 
Further  measurements  in  the  low  frequency 
regime  (0-1 8 GHz)  are  planned  in  order  to  test 
the  mixing  capabilities  of  the  device  using  free 
space  coupling  of  mm  wave  signals  directly  to 
the  device. 

Conclusion 

High  Temperature  superconducting 
photomixers  have  been  fabricated  using  simple 
lithographic  techniques.  Their  performance 
matches  that  expected  from  a  hot  electron 
model.  These  devices  may  provide  the  basis 


for  optoelectronic  phase  distribution  between 
receivers  for  astronomy  and  remote  sensing. 
They  may  also  bring  significant  benefits  to 
simplify  RF  imaging  technologies  by 
providing  a  simple  route  to  integrated, 
optically  driven,  phased  arrays. 
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1  Introduction 

The  processing  of  radiofrequency, 
microwave  and  millimetre  wave  signals  directly  in 
the  optical  domain  by  means  of  waveguide 
photonic  delay  lines  offers  interesting  advantages. 
Among  these,  the  possibility  of  overcoming  the  so 
called  electronic  bottleneck  arises  as  a 
fundamental  one.  This  limitation  stems  form  the 
fact  that  the  sampling  speed  required  to  process 
these  signals  increases  in  direct  proportion  to  the 
bandwidth  of  the  RF  signal  to  be  processed.  The 
current  state  of  the  art  in  electronics  limits  the 
sampling  speeds  of  electronic  devices  to  a  few 
Gb/s.  Being  important,  the  electronic  bottleneck 
it  is  by  no  means  the  only  source  of  limitation, 
since  electromagnetic  interference  (EMI)  and 
frequency  dependent  losses  can  also  be  sources  of 
important  impairments. 

An  interesting  approach  to  overcome  the 
above  limitations  involves  the  use  of  optical 
technology  and  especially  fiber  and  integrated 
optics  circuits  to  perform  signal  processing  of  RF 
signals  conveyed  by  an  optical  carrier  directly  in 
the  optical  domain.  We  will  refer  to  this  as 
OPRFS1.  This  approach  is  shown  figure  1. 


Figure  1 

The  Rf  to  optical  conversion  is  achieved 
by  direct  (or  externally)  modulating  a  laser.  The 
Rf  signal  is  the  conveyed  by  an  optical  carrier  and 
the  composite  signal  is  fed  to  photonic  circuit 
using  optical  delay  lines  for  signal  processing.  At 
the  output/s  the  resulting  signal/s  are  optical  to  RF 
converted  by  means  of  an/various  optical 
receiver/s. OPRFS  has  several  advantages:  optical 


1  OPRFS:  Optical  Processing  of  Radio  Frequency 
Signals 


delay  lines  have  very  low  loss  (independent  of  the 
RF  signal  frequency),  provide  very  high  time 
bandwidth  products,  are  inmune  to  EMI, 
lightweight,  can  provide  very  short  delays  which 
result  in  very  high  speed  samplig  frequencies 
(over  100  GHz  in  comparison  with  a  few  GHz 
with  the  available  electronic  technology)  and 
finaly  but  not  less  important  optics  provides  the 
possibility  of  spatial  and  wavelength  parallelism 
using  WDM  techniques. . 

A  fundamental  distinction  must  be  made 
on  the  OPRFS  operation  regime  in  terms  of  the 
relationship  between  the  coherence  time  rc  of  th 
optical  transmitter  and  the  basic  delay  T  (time 
bewteen  adjacent  temporal  samples  provided  by 
the  structure).  If  rc»T  then  the  processor  is  said 
to  work  under  coherent  regime  and  its  transfer 
function  is  linear  in  terms  of  the  electric  field  thus 
depending  on  the  optical  phase  shifts  experienced 
by  the  carrier  that  conveys  the  RF  signals.  These 
are  highly  dependent  on  environmental 
parameters  (i.e  temperature,  ..)  and  polarization, 
making  their  implementation  quite  difficult  under 
realistic  conditions.  On  the  contrary,  if  rc«T  the 
signal  processor  works  under  incoherent  regime 
and  the  overall  structure  transfer  function  is  linear 
in  terms  of  the  optical  intensity  (i.e  power)  and  the 
effect  of  optical  phase  shifts  can  be  discarded. 
Although  work  has  been  reported  on  both 
operation  regimes,  the  majority  of  contributions 
focus  on  incoherent  operation,  since  it  is  more 
prone  to  practical  implementation. 

This  paper  aims  to  review  the 
fundamental  concepts,  limitations,  technologies 
and  major  milestones  in  RF  filtering  applications 
of  OPRFS.  Research  contributions  within  this  area 
extend  over  the  last  25  years. 

2.  Historical  Background 

The  origin  of  fiber  delay  line  signal  processing 
can  be  traced  in  the  seminal  paper  of  Wilner  and 
Van  de  Heuvel  [1]  who  noted  that  the  low  loss 
and  high  modulation  bandwidth  of  optical  fibers 
made  then  suitable  for  broadband  signal 
processing  Several  contributions  during  the  70s 
addressed  experimental  work  on  OPRFS  using 
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multimode  fibers.  An  intensive  theoretical  and 
experimental  research  work  on  incoherent  OPRFS 
using  singlemode  fiber  delay  lines  was  carried  by 
researchers  at  the  University  of  Stanford  during 
the  period  between  1980  and  1990.  Multiple 
congigurations,  applications  and  potential 
limitations  of  these  structures  were  considered  and 
the  main  results  of  it  can  be  found  summarised  in 
[2]- [3],  The  technology  status  regarding  optical 
fiber  and  integrated  components  was  at  the  time  at 
its  infancy  and  therefore  the  OPRFS  demonstrated 
had  serious  limitations  arising  from  losses  and 
lack  of  reconfiguration. 

The  advent  of  the  optical  amplifier  at  the 
end  of  the  80s  and  the  development  of  optical 
components  (variable  couplers,  modulators, 
electrooptic  switches)  and  specific  purpose 
instrumentation  fueled  the  activity  towards  more 
flexible  structures  employing  these  components 
[4]-[6],  Most  of  these  contributions  present  filters 
that  still  rely  on  the  implementation  of  time  delays 
by  means  of  fiber  strands.  Yet,  the  availability  of 
a  novel  component,  the  fiber  Bragg  grating  has 
openned  a  new  perspective  towards  the 
implementation  of  OPRFSs  using  this  component 
which  can  lead  to  fully  reconfigurable  and  tunable 
filters  [7]-[  1 0] 


using  a  single  optical  source.  Note  that  the 
impulse  response  corresponding  to  this  situation 
can  be  directly  derived  from  (1)  yielding: 

N 

h(t)  =  Z  arS(t-rT)  (2) 

r= 0 

Which  convolved  with  the  input  Rf  signal  S;(t) 
yields  the  following  output  signal  s0(t): 

N 

s0(l)  =  I  arsi{t  -  rT)  (3) 
r=0 


Input  electric  field 
[s,(t»l'V ’"'***’ 11 


Incoherent  Regime: 


output  Rf  Signal 

So(l)*<|li)(l)lI>-r  V.<UT> 


<e*#i*Tlley«i.rT»V>,,g^ 


Figure  2 


3  Fundamental  Concepts  and  Limitations 

Any  filter  implemented  using  OPRFS 
tries  to  provide  a  system  function  for  the  RF 
signal  given  by: 


I  arz  r 

H(z- = 

1  -  Z  b,z 
*=1  * 


(1) 


where  z’  represents  the  basic  delay  between 
samples.  The  numerator  represents  the  finite 
impulse  part  (i.e  non  recursive  or  FIR  )  of  the 
system  function,  whereas  the  denominator 
accounts  for  the  infinite  impulse  part  (i.e. 
recursive  or  FIR)  of  the  system  function.  N  and  M 
stand  for  the  order  of  the  FIR  and  HR  parts 
respectively.  If  bk=0  for  all  k,  the  the  filter  is  non¬ 
recursive  and  is  also  known  as  transversal  filter. 
Otherwise  the  filter  is  recursive  and  it  is  common 
to  use  the  term  recirculating  delay  line.  Figure  2 
illustrates  how  (1)  is  implemented  for  the  specific 
case  of  an  N-order  transversal2  incoherent  filter 


2  The  implementation  of  a  recursive  filter  is 
similar  but  is  not  considered  here  due  to  space 
restrictions. 


The  implementation  of  the  OPRFS  requires 
specific  optical  components  to  provide:  a)  Signal 
tapping,  b)  Optical  delay  lines,  c)  Optical  weights 
and  d)  Optical  signal  combination.  2x2  and  lxN, 
Nxl  star  couplers  have  been  proposed  for  the 
implemetation  of  a)  and  b),  variable  2x2  couplers, 
optical  amplifiers  (both  EDFAs  and  SOAs), 
electrooptic  and  electroabsorption  modulators  can 
be  used  to  implement  c)  Standard,  high  dispersion 
singlemode  fiber  coils  and  fiber  Bragg  gratings 
have  been  proposed  for  the  implementation  of  b). 

OPRFS  must  overcome  a  series  of  potential 
limitations  prior  to  their  practical  realization  as 
pointed  out  by  various  researchers.  The  main 
limitations  arise  from  source  coherence, 
polarization,  positive  coefficients,  limited 
Spectral  period  or  FSR  (Free  Spectral  Range, 
noise:  reconfigurability,  and  tunability. 

To  date  none  of  the  two  main  approaches  that 
have  been  followed  by  most  of  the  research 
groups  throughout  the  world  has  been  able  to 
address  successfully  all  the  above  limitations. 
These  main  approaches  are: 
a)  Implementation  of  OPRFS  using  fiber  coils 
as  delay  lines,  single  source  illumination  and 
signal  tapping  combination  and  weighting  by 
means  of  discrete  fiber  or  integrated  optics 
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components.  We  will  refer  to  these  as  FDLFs 
(Fiber  Delay  Line  Filters) 
b)  Implementation  of  OPRFS  using  fiber 
gratings  as  delay  lines  and/or  weighting 
elements  in  conjuntion  with  single  or  multiple 
tunable  source  arrays.  We  will  refer  to  these 
as  FGDLFs  (Fiber  Grating  Delay  Line 
Filters). 

The  main  activities  in  FDLFs  have  been 
carried  during  the  period  1980-1994,  while  those 
of  FDLFs  have  been  relevant  since  1994  and 
extend  to  the  present  time.  In  the  following  we 
briefly  outline  the  work  on  FDLFs,  focusing  more 
effort  in  describing  the  main  results  obtained  in 
FGDLFs. 

4  Fiber  Delay  Line  Filters 

Intense  research  work  on  passive  FDLFs 
was  carried  during  the  period  between  1980  and 
1990,  including  the  development  of  special 
purpose  components  such  as  variable  2x2 
couplers,  star  couplers  etc.  and  the  experimental 
demonstration  of  simple  passive  structures 
performing  basic  signal  processing  operations 
such  as  transversal  and  notch  filtering,  correlation, 
data  storage  etc  [2]-[3].  Both  noise  and  signal 
analysis  methods  were  developed  for  these 
structures.  The  advent  of  optical  amplifiers  (OAs) 
opened  the  possibility  of  overcoming  the 
limitations  imposed  by  the  static  nature  of  passive 
structures  both  in  terms  of  reconfiguration  and 
loss  compensation.  The  inclusion  of  OAs 
provided  die  structures  with  enhanced  flexibility 
as  sample  weighting  could  be  altered.  Several 
contributions  proved  these  advantages  both 
theoretically  as  well  as  experimentally  [4]-[5], 
Synthesis  methods  where  developed  and  filters 
with  negative  coefficients  resulting  from  the 
application  of  some  of  the  above  methods  were 
experimentally  demonstrated.  By  the  middle  of 
the  90s  it  was  thus  clear  that  the  main  restriction 
faced  by  FDLFs  was  that  related  to  resonance 
tunability.  In  1994  a  solution  for  this  problem 
was  proposed  by  implementing  a  tunable  delay 
combining  of  a  tunable  source  and  high  dispersion 
fiber  delay  lines.  The  concept  was  extended  by 
Frankel  and  Esman  [6]  who  demostrated  the 
implementation  of  a  transversal  filter  with 
continously  tunable  unit  time  delays  consisting  of 
8  taps  with  progressively  longer  segments  of  high 
dispersion  fiber,  but  completed  with  dispersion- 
shifted  fiber  to  nominally  identical  overall 
lengths.  The  time  delay  tuning  at  each  tap  was 
achieved  by  tuning  the  wavelength  of  the  optical 


carrier.  A  Q=30  bandpass  Rf  filter  tunable  over  1 
octave  was  demonstrated. 

5  Fiber  Grating  Delay  Line  Filters 

In  1994  Ball  and  co-workers  [7] 
proposed  the  combined  use  of  an  externally 
modulated  tunable  fiber  laser  and  a  6  element 
wavelength  multiplexed  uniform  fiber  Bragg 
grating  array  with  the  grating  spacing  set  to  yield 
the  desired  delay  to  implement  a  programmable 
delay  line  capable  of  generating  50  ns  true  time 
delay  in  discrete  10  ns  intervals.  This  fueled  the 
research  toward  the  application  of  the  recently 
available  fiber  gratings  in  the  implementation  of 
OPRFSs.  Uniform  Fiber  Bragg  gratings  can  be 
employed  both  as  weighting  and  delay  line 
elements,  since  their  reflectivity  changes  with  the 
signal  wavelengths  and  their  Bragg  wavelength  is 
adjustable.  When  used  as  delay  elements  they  can 
only  provide  discrete  changes  in  the  value  of  the 
sampling  period.  This  limitation  is  removed  by  the 
use  of  linearly  chirped  gratings. 

A  simple  discretely  tunable  notch  filter 
was  demonstrated  by  Hunter  and  Minasian  [8] 
using  a  michelson  interferometer  with  two 
uniform  fiber  gratings  placed  in  series  in  one  of  its 
arms  and  subsquently  continous  tuning  was 
demonstrated  replacing  the  uniform  with  chirped 
gratings.  In  a  further  step,  multitap  (29  taps) 
transversal  bandpass  filter  was  demonstrated  by 
spectrally  slicing  a  broadband  source  with 
wavelength  multiplexed  Bragg  grating  arrays 
equispaced  in  time.  The  reflectivity  of  the  gratings 
in  the  array  were  apodised  according  to  a  Kaiser 
window. 

High  Q  filters  have  also  been 
demonstrated  using  fiber  Bragg  gratings  both  in 
fixed  and  tunable  operation  by  sandwiching  an 
active  fiber  between  to  gratings,  one  of  which  is 
partially  reflecting  while  the  second  one  is  100% 
reflecting.  The  presence  of  the  internal  optical 
amplifiers  allow  for  the  existence  of  a  very  high 
number  of  signal  samples  which  results  in 
resonances  with  high  selectivity  (Q=325)  [9].  The 
main  drawback  is  that  although  the  weight  of  the 
samples  can  be  reconfigured  by  changing  the 
amplifier  gain,  it  cannot  be  done  independently 
sample  by  sample.  Furthermore  the  length  of  the 
active  medium  severely  restricts  the  filter  FSR.  A 
solution  has  however  been  proposed  for  this  last 
inconvenient  by  placing  the  former  filter  in  tanden 
with  a  Mach-Zehnder  lattice  filter  the  period  of 
which  is  N  times  larger  than  that  of  the  former.  Q 
factors  over  800  have  been  demonstrated. 
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The  approaches  described  above  do  not 
usually  address  dynamic  tunability  and 
reconfiguration  simultaneously.  The  dispersive 
nature  of  Linearly  Chirped  Fiber  Bragg  Gratings 
(LCFBGs)  can  be  employed  to  obtain 
programable  RF  transversal  filters  by  means  of 
feeding  the  RF  modulated  output  of  an  array  of 
sources  to  the  device  [10],  The  layout  of  the  filter 
for  a  specific  case  of  a  laser  array  of  5  elements  is 
shown  in  figure  3,  although  in  general  it  is 
composed  of  N  sources.  The  advantage  of  using  a 
laser  array  as  a  feeding  element  to  the  delay  line  is 
twofold:  On  one  hand  the  wavelengths  of  the 
lasers  can  be  independently  adjusted.  Thus 
spectrally  equispaced  signals  representing  RF 
signal  samples  can  be  feeded  to  the  fiber  grating 
suffering  different  delays,  but  keeping  constant 
the  incremental  delay  At  between  two  adjacent 
wavelengths  emitted  by  the  array  if  the  delay  line 
is  implemented  by  means  of  a  linearly  chirped 
fiber  grating.  This  means  for  instance  and 
referring  to  figure  6  that  the  delay  between  the 

signals  at  X]  and  X2,  X3,  X4,  X5 . LN  is  repectively 

At,  2At,  3 At,  4At  and  (N-I)At.  Hence  the 
configuration  can  act  as  a  transversal  filter,  where 
the  basic  delay  is  given  by  At  :  Futhermore  At  can 
be  changed  by  proper  variation  of  the  laser  central 
wavelengths  in  the  array.  Thus  these  structure 
provides  the  potential  for  implementing  tunable 
RF  filters. 

The  second  advantage  stems  from  the  fact  that  the 
output  powers  of  the  lasers  can  be  adjusted 
independently  and  at  high  speed.  This  means  that 
the  time  response  of  the  filter  can  be  apodised  or 
in  other  words,  temporal  windowing  can  be  easily 
implemented  and  therefore  the  filter  transfer 
function  can  be  reconfigured  at  high  speed 
An  additional  advantage  of  employing  laser  arrays 
is  the  possibility  of  exploiting  WDM  techniques 
for  parallel  signal  processing  and  to  provide  both 
a  a  large  number  of  taps  and  arbitrary  coefficients 


6  Summary  and  Conclusions 
In  this  paper  we  have  revised  the  fundamental 
concepts  and  limitations  of  optical  filters  for  the 
processing  of  Rf  signals.  The  main  achievements 
both  as  far  as  theoretical  as  well  as  practical  and 
experimental  work  carried  by  different  research 
groups  working  on  the  field  have  been  reviewed. 
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Abstract:  Polarisation  summing  is  introduced  into  optical 
fibre  transversal  filter  to  realise  incoherent  operation.  The 
Bragg  gratings  are  fabricated  on  high  birefringence  fibre, 
and  the  resulting  filter  produces  a  tuneable  microwave 
frequency  response  with  large  free  spectral  range  free  of 
optical  coherence. 

Introduction:  The  many  advantages  of  performing 
microwave  signal  transmission  in  the  photonic 
domain  using  optical  fibres  has  sparked  increasing 
interest  in  using  passive  fibre-based  structures  for 
also  performing  signal  processing  in  the  photonic 
domain.  A  number  of  filters  and  signal  processing 
structures  have  been  reported  [1,2].  Many  of  them 
are  based  on  optical  fibre  delay  lines  and  their 
combination  to  realise  various  signal-processing 
functions  [3,4].  Therefore  the  performance  of  the 
optical  fibre  delay  line  filters  is  crucial  if  more 
advanced  processing  is  to  be  achieved. 

A  basic  optical  fibre  delay  line  filter  consists  of  an 
optical  fibre  Mach-Zehnder  section  where  the 
optical  incoherent  summing  of  two  beams  takes 
place.  In  order  to  meet  the  requirement  of  incoherent 
operation,  a  low  coherence  source  and  a  large 
optical  path  difference  (OPD)  are  generally  needed. 
This  consequently  makes  the  free  spectral  range 
(FSR)  of  the  filter  limited  by  the  source  coherence. 
A  low  coherence  source  could  reduce  the  available 
bandwidth  of  an  optical  fibre  microwave  system. 
Moreover,  with  cascaded  optical  fibre  delay  line 
structures,  coherent  interference  may  still  take  place 
due  to  the  effect  of  changing  optical  coherence  as 
the  light  traverses  the  Mach-Zehnder  sections  in 
sequence  [5]  even  if  a  low  coherent  source  and  a 
large  OPD  are  used.  A  number  of  techniques  have 
been  demonstrated  to  obtain  optical  incoherent 
summing  and  a  large  free  spectral  range,  including 


using  multiple  sources  or  electrically  summing. 
However  the  former  limits  the  practical  application 
in  a  wavelength  divisions  multiplexed  optical 
microwave  system,  and  the  latter  technique  loses 
some  of  the  merits  of  optical  microwave  signal 
processing.  We  have  previously  proposed  a  novel 
method  to  overcome  this  limitation  by  constructing 
an  optical  delay  line  filter  using  high  birefringence 
(Hi-Bi)  fibre  [6].  Here  we  present  what  we  believe 
to  be  the  first  optical  microwave  transversal  filter 
employing  fibre  gratings  constructed  in  Hi-Bi  fibre 
and  demonstrate  that  we  can  achieve  a  device  with  a 
large  tuneable  free  spectral  range  and  free  of  optical 
coherence  interference  noise. 

The  proposed  filter  consists  of  two  uniform  Bragg 
gratings,  each  of  1cm  length,  fabricated  on  Hi-Bi 
fibre  using  the  phase  mask  exposure  technique.  The 
result  is  that  the  gratings  have  two  reflectivity  peaks 
at  different  wavelengths  corresponding  to  the 
differing  effective  refractive  indices  for  the  two 
orthogonal  polarisation  modes  in  the  Hi-Bi  fibre. 
The  spectral  spacing  between  these  two  reflections 
depends  on  the  fibre  birefringence.  The  reflection 
peak  at  the  shorter  wavelength  takes  place  in  the  fast 
axis  mode,  the  one  at  the  longer  wavelength  in  the 
slow  axis  mode.  In  our  filter  the  second  grating  is 
wavelength  shifted  by  an  amount  exactly  equal  to 
the  spectral  spacing  of  the  two  polarisation 
reflections.  Thus  the  reflection  in  the  slow  axis 
mode  of  the  first  grating  operates  at  the  same 
wavelength  as  the  reflection  in  the  fast  axis  of  the 
second  grating,  as  illustrated  in  Fig.l.  These  two 
reflections  will  add  incoherently  as  their 
polarisation  states  are  linearly  orthogonal  to  each 
other,  and  so  optical  coherence  interference  will  not 
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arise  even  under  the  conditions  of  high  coherence 
source  and  small  distance  between  two  gratings. 


Fig.l  Two  reflections  from  two  orthogonal  polarisation 
modes 

A  schematic  of  an  Hi-Bi  fibre  grating  based  filter 
and  experimental  arrangement  used  in  this  work  is 
as  shown  in  Fig.  2. 


MZ-EOM  Circulator 


Fig.2  Experimental  arrangement  for  the  filter 

A  tuneable  laser  (Tunics  1550)  was  used  to  launch  a 
beam  through  an  electro-optic  modulator  into  the 
fibre  circulator,  then  fed  into  the  fibre  gratings.  The 
distance  between  two  gratings  were  first  set  to  ~5cm 
which  was  much  shorter  than  the  coherence  length 
of  the  laser  (the  linewidth  of  the  laser  is  -100kHz). 
The  reflected  light  beams  from  the  slow  axis  mode 
of  the  first  grating  and  the  fast  axis  mode  of  the 
second  grating  passed  through  the  circulator  and  met 
at  the  photoreceiver,  analysed  by  a  lightwave 
component  analyser  so  the  microwave  frequency 
response  (MFR)  of  the  filter  could  be  measured. 

A  polarisation  controller  was  used  to  produce  a 
linear  polarised  laser  beam  with  45°  azimuth  to 
polarisation  axes  of  the  Hi-Bi  fibre,  or  a  circular 
polarised  beam  so  two  polarisation  modes  could  be 
excited  equally. 

The  microwave  frequency  response  (MFRs)  was 
recorded  for  differing  excited  polarisation  states  as 


shown  in  Fig.3.  Trace  1  has  the  maximum  notch 
depth  meaning  the  light  intensities  reflected  from 
both  gratings  are  almost  equal.  Trace  2  and  3  show 
the  cases  when  the  two  polarisation  modes  were 
unequally  excited. 


Fig.3  Frequency  responses  under  the  different  polarisation 
excitation  conditions  to  Hi-Bi  fibre 


Fig.4  Frequency  responses  of  the  tuneable  filter 

A  tuneable  free  spectral  range  can  be  realised  by 
fabricating  a  series  of  gratings  with  different 
reflection  wavelengths  on  the  same  piece  of  Hi-Bi 
fibre.  Changing  the  operating  optical  wavelength  of 
the  tuneable  laser  allows  selecting  a  particular  pair 
of  gratings  with  desired  distance  between  them  to 
form  the  filter. 
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We  constructed  such  a  filter,  and  the  frequency 
responses  were  measured  while  the  operating 
wavelength  was  set  to  different  values.  Fig.4  shows 
three  traces  corresponding  to  the  gratings  pair 
separations  of  5cm,  7.5cm  and  9.5cm,  respectively. 

In  conclusion,  a  novel  filter  has  been  demonstrated. 
The  concept  of  polarisation  summing  has  been 
introduced  to  realise  incoherent  operation,  thus 
overcoming  the  limitations  imposed  by  the  high 
optical  coherence  of  the  source  and  increasing  the 
free  spectral  range  of  an  optical  fibre  delay  line 
filter.  By  using  a  Hi-Bi  fibre  Bragg  grating  array,  a 
large,  tuneable  free  spectral  range  has  been 
obtained.  It  should  be  noticed  that  the  experimental 
frequency  responses  shown  in  figures  3  and  4  might 
not  be  the  results  of  incoherent  summing  of  the 
reflections  from  two  polarisation  modes.  Instead  of 
incoherent  summing  at  the  photodetector  coherent 
operation  may  happen,  as  the  fibre  circulator  used  is 
not  polarisation  maintaining  and  depolarisation  in 
single  mode  fibre  can  give  rise  to  coherent  summing 
of  two  reflections.  However,  no  remarkable  coherent 
noise  was  observed  in  the  experiments.  This  is 
because  in  both  the  part  of  Hi-Bi  fibre  and  the 
circulator,  the  two  modes  travel  in  nearly  identical 
optical  paths  providing  strong  common-mode 
suppression  to  the  optical  coherence  noise.  The  use 
of  polarisation  maintaining  devices  would  assure 
incoherent  summing.  By  overcoming  the  coherence 
issue  the  way  is  paved  to  cascade  devices  to  realise 
a  wider  range  of  filtering  and  processing  functions. 
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Abstract — We  describe  how  a  tunable  laser  and  common 
photonic  components  can  perform  the  process  of  analog- 
to-digital  conversion.  The  all-optical  processing  yields 
conversion  rates  orders  of  magnitude  faster  than  the 
fastest  electronic  processor. 

I.  System  Overview 

High-speed,  high-resolution  analog-to-digital 
converters  (ADCs)  have  been  the  subject  of  intense 
research  [l]-[5].  This  paper  presents  the  design  and 
initial  experimental  results  for  an  all-photonic  ADC 
that  has  the  potential  to  operate  at  speeds  orders  of 
magnitude  faster  than  commercial  electronic  ADCs.  A 
block  diagram  for  the  proposed  ADC  is  shown  in  Fig. 
1.  It  is  seen  that  the  ADC  is  composed  of  three  major 
sub-systems.  A  Sample  and  Hold  (S/H)  samples  the 
signal  to  be  digitized  and  maintains  the  sample  value 
for  a  sufficient  time  such  that  the  correct  binary 
representation  of  the  sample  can  be  established.  For  the 
purposes  of  this  paper  it  is  assumed  that  a  S/H  is 
available.  Here  we  focus  on  the  remaining  two 
subsystems,  the  Tunable  Laser  (TL)  and  the  ADC 
Processor  (ADCP).  Generally  any  ADC  system  may 
include  input  signal  conditioning,  path-length 
equalization,  sign-bit  extraction,  and  the  like,  and 
although  not  indicated  in  Fig.  1,  such  is  the  case  here 
as  well. 


Electrical  Signal 
to  be  Digitized 


S/H 


ADC 

Processor 

•  ^ 
t 

3 
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V - 

Photonic  System 


Fig.  1:  Photonic  ADC  System. 


II.  ADC  Operation 

The  analog  signal  voltage  to  be  digitized,  once 
processed  by  the  S/H,  is  used  to  control  a  high-speed, 
high-resolution  TL.  Specifically  the  TL  is  designed  so 
that  each  quantization  level  corresponds  to  a  unique 
wavelength.  The  ADC  problem  thus  becomes  one  of 
resolving  a  wavelength,  and  this  is  the  function  of  the 
ADCP.  Since  in  principle  any  TL  with  sufficient  tuning 
speed  and  resolution  can  be  used,  let  us  first  focus  our 
attention  on  the  ADCP  portion  of  the  system.  Section  3 
will  present  several  novel  TL  architectures  that  are 
particularly  suited  for  the  present  ADC  application. 

The  basic  ADCP  sub-system  architecture  is  shown 
in  Fig.  2a  for  the  case  of  a  4-bit  ADC.  For  an  N-bit 
ADC,  the  output  of  the  TL  is  split  N  times  and  directed 
to  a  bank  of  fixed  optical  filters  with  the  bit-leg  filter 
designed  as  follows.  Let  the  quantized  input  voltage  vs 
be  represented  by  the  binary  word  bN.,  bN_2  ...bi...  bj  b0, 
and  consider  the  f*1  bit-leg  filter  which  correspondingly 
yields  the  binary  digit  b,.  If  the  required  binary  digit 
is  a  logical  zero ,  then  the  bit-leg  filter  is  designed  to 
minimize  (ideally  prevent)  the  energy  from  the 
associated  wavelength  from  appearing  at  the  spectrally 
broad  photodetector.  Otherwise  the  wavelength  is 
passed  by  the  filter  resulting  in  the  interpretation  of  a 
logical  one  at  the  detector.  Note  also  that  the  bit-leg 
filters  have  a  periodic  transfer  function  in  the  ADC 
system  passband.  This  observation  greatly  reduces  the 
complexity  of  the  bit-leg  filters  by  reducing  the 
potentially  large  number  of  discrete  narrow-band  filters 
required  per  bit-leg  to  a  single  square-wave-like  filter 
transfer  function. 

A  great  deal  of  versatility  exists  in  the  filter 
implementation.  These  include,  for  example;  Mach- 
Zehnder  Cascades,  Fabry-Perot  Etalons,  Bragg 
gratings,  and  many  others.  It  is  possible  that  a  high- 
resolution  system  (10  bits  or  more)  might  require  a 
hybrid  realization  that  utilizes  several  types  of  filters, 
each  optimally  suited  for  a  particular  bit-leg.  Fig.  2b 
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Fig.  2:  (a)  General  architecture  for  a  4-bit  ADCP 
and  (b)  a  realization  using  discrete  Bragg  gratings. 

shows  a  4-bit  ADCP  utilizing  discrete  Bragg  gratings 
to  implement  each  bit  leg  filter.  The  realization  of  Fig. 
2b  further  employs  a  Gray  code  that  minimizes  the 
ADC  quantization  error  and  results  in  a  further 
simplification  of  each  filters  complexity  by  easing 
passband/stopband  requirements. 

The  ADCP  system  of  Fig.  2b  was  constructed 
using  discrete  fiber  Bragg  gratings  in  a  Gray-Coded 
configuration  and  a  commercial  splitter  and  was 
designed  to  resolve  16  wavelengths  over  a  15nm 
passband  centered  at  1550nm.  A  broadband  source  was 
used  to  characterize  each  bit-leg  filter  on  an  optical 
spectrum  analyzer  with  the  results  shown  in  Fig.  3. 

III.  Tunable  Laser  Architectures 

Most  commercial  tunable  lasers  are  not  optimized 
for  tuning  speed,  a  critical  attribute  for  the  present 
application  [6],  [7].  The  tuning  speed  for  the 
approaches  considered  here  is  primarily  governed  by 
two  parameters,  the  cavity  dynamics  and  the  carrier 
lifetime.  The  TL  realizations  shown  below  use  a 
Semiconductor  Optical  Amplifier  (SOA)  as  the  laser 
gain  mechanism.  These  SOAs  can  have  response  times 
exceeding  10  GHz  hence  making  them  an  attractive 
candidate  for  the  ADC  application.  The  cavity 
dynamics  are  largely  dependent  on  the  speed  of  the 
components  used  to  construct  the  cavity  as  well  as  the 
overall  cavity  length.  Implementation  of  the  TL  as  a 
photonic  integrated  circuit  can  result  in  a  small  total 
cavity  length.  Also  critical  for  the  present  application  is 
linear  tuning  using  a  single  control  signal  (i.e.,  the 
voltage  to  be  digitized)  to  determine  the  operating 
wavelength. 


Fig.  3:  Measured  results  for  the  4-bit  ADCP  using 
discrete  Bragg  gratings. 

A  TL  with  the  desired  characteristics  is  presented 
conceptually  in  Fig  4a.  Fig.  4a  is  a  representation  of  a 
Fabry-Perot  laser  than  can  laze  at  four  distinct 
wavelengths;  A0,  Ai,  A2,  and  A3.  The  cavity  is  formed 
using  the  mirror  (shown  on  the  left  of  the  drawing)  as 
one  of  the  cavity  terminations,  while  discrete  Bragg 
reflection  gratings  form  the  other(s).  Linear  tuning  is 
accomplished  by  the  critical  placement  of  these  four 
gratings  shown  located  at  xb  (i  =  0,1, 2, 3)  with  x, 
determined  by  the  usual  resonance  condition,  namely 
mtA:  =  2 nixi  for  some  integer  m*.  The  refractive  index 

n,  can  be  rapidly  changed  by  using  an  electro-optic 
phase  modulator.  It  is  easy  to  see  that  Fig.  4b  shows  an 
equivalent  realization  which  can  be  tuned  over  a 
continuous  wavelength  range  by  replacing  the  discrete 
Bragg  grating  cascade  with  a  chirped  grating  [8]. 
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Fig.  4:  (a)  Tunable  laser  capable  of  tuning  over 
discrete  wavelength,  and  (b)  a  continuously  tunable 
version. 
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The  chirp-grating  of  the  previous  configuration 
effectively  introduces  dispersion  into  the  cavity  in  a 
precisely  controlled  manner.  As  Fig.  5  suggests,  this 
dispersion  can  be  accomplished  in  other  ways  as  well. 
For  example,  optical  fiber  exhibits  dispersion  and 
hence  a  precise  length  of  fiber  can  be  used  along  with 
the  additional  mirror,  as  shown  in  Fig.  5a,  to  form  a 
continuously  tunable  cavity  [9],  The  realizations  of 
Figs.  5a  and  5b  are  conceptually  equivalent,  5b  being  a 
ring  cavity  while  5a  is  linear.  Fig.  5c  shows  a  laser 
tunable  over  discrete  wavelengths,  accomplished  by 
the  inclusion  of  the  Fabry-Perot  resonator  within  the 
ring  configuration. 

Analog  Signal  Input 


Fig.  5:  (a)  Continuously  tunable  laser  (linear 
dispersive  cavity),  (b)  the  equivalent  ring  cavity 
with  dispersion,  (c)  a  discretely  tunable  laser. 

The  tunable  laser  of  Fig.  5c  was  constructed  on  an 
optical  bench  using  discrete  components.  Linear  tuning 
over  a  20  nm  band  was  achieved  with  typical  results 
shown  in  Fig.  6. 


Fig.  6:  Linear  tuning  over  a  20  nm  band  using  the 
discretely  tunable  laser  of  Fig.  5c. 


References 


[1]  Jin  U.  Kang,  M.Y.  Frankel,  and  R.D.  Esman, 
“Highly  parallel  pulsed  optoelectronic  analog- 
digital  converter”,  IEEE  Photonics  Technology 
Letters,  Vol.  10,  pp.  1626-1628,  Nov.  1998. 

[2]  M.Y.  Frankel,  Jin  U.  Kang,  and  R.D.  Esman, 
“High-performance  photonic  analogue-digital 
converter”,  Electronic  Letters,  Vol.  33,  pp  2096- 
2097,  Dec.  1997. 

[3]  B.  Jalali  and  Y,M,  Xie,  “Optical  folding-flash 
analog-to-digital  converter  with  analog  encoding,” 
Optics  Letters,  Vol.  20,  Sept.  1995. 

[4]  R.G  Walker,  I.  Benian,  and  A.C,  Carter,  “Novel 
GaAs/AlGaAs  Guided  Wave  Analogue/Digital 
Converter,”  Electronics  Letters,  Vol.  25,  pp.  1443- 
1444,  Oct.  1989. 

[5]  H.F.  Taylor,  “An  Optical  Analog-to-Digital 
Converter,”  IEEE  Journal  of  Quantum 
Electronics,  Vol.  QE-15,  pp.  210-216,  1979. 

[6]  Glance,  B.  U.  Koren,  R.W.  Wilson,  D.  Chen,  and 
A.  Jourdan,  “Fast  Optical  Packet  Switching  Based 
on  WDM”,  IEEE  Photonics  Technology  Letters, 
vol.  4,  pp.  1186-1 188,  Oct.  1992. 

[7]  E.L.  Wooten,  R.L.  Stone,  E.W.  Miles,  and  E.M. 
Bradley,  “Rapidly  Tunable  Narrowband 
Wavelength  Filter  Using  LiNb03  Unbalanced 
Mach-Zehnder  Interferometers,”  IEEE  Journal  of 
Lightwave  Technology,  vol.  14,  Nov.  1996,  pp. 
2530-2536. 

[8]  R.  Kashyap,  “Fiber  Bragg  Gratings”,  New  York: 
Academic  Press,  1999. 

[9]  F.  Ouellette,  “Dispersion  Cancellation  Using 
Linearly  Chirped  Bragg  Grating  Filters  in  Optical 
Waveguides,”  Optics  Letters,  vol.  12,  pp.  847-849, 
Oct.  1987. 


250 


WE4.4 


Ultra-Low  Jitter  Mode-Locking  of  Er-Fiber  Laser  at  10  GHz  and  its  Application  in 
Photonic  Analog-to-Digital  Conversion 

W.  Ng,  R.  Stephens,  D.  Persechini  and  K.V.  Reddy* 

HRL  Laboratories 
3011  Malibu  Canyon  Rd. 

Malibu,  California  90265 
Phone:  (3 10)-3 17-5704,  Fax:  (3 10)-3 17-5485 
Email:  wwng  @ HRL.com 


Abstract 

We  report  the  10  GHz  mode- locking  of  a 
fiber-laser  with  timing-jitters  as  low  as  16  fsec 
(Af=100  Hz- 100  kHz),  and  amplitude-jitters  of 
0.058%.  From  the  spur-free-dynamic-range 
(SFDR)  measured  for  a  signal  (at  2.49  GHz) 
sampled  with  the  mode-locked  pulse  train,  we 
estimate  an  analog-to-digital  conversion 
resolution  of  8  SFDR-bits  at  10  GSPS. 

I.  Introduction 

Recently,  there  has  been  tremendous 
interest  (1)"®  in  the  application  of  photonic 
sampling  to  help  achieve,  simultaneously, 
analog-to-digital  conversion  (A/D)  with  high 
resolution  and  at  multi-GHz  sampling  rates  (fs). 
Photonics  has  many  attributes  that  could  lead  to 
potential  breakthroughs  in  A/D  technology.  A 
recent  publication (3)  that  tracked  the  advances  of 
A/D  technology  indicated  that,  for  a  given  fs, 
only  1 .5  bits  of  improvement  in  resolution  were 
gained  between  1989  and  1997.  The  same 
reference  also  attributed  the  observed  limitations 
in  resolution  to  “effective”  timing-jitters  (>  0.5 
psec)  that  were  present  in  the  sampling 
apertures  of  these  analog-to-digital  converters 
(ADC).  Conceptually,  the  picosecond  pulses 
generated  by  a  mode-locked  laser  are  ideal 
vehicles  that  would  enable  one  to  accomplish 
impulse  sampling  of  an  analog  signal.  For 
example,  one  can  use  an  electro-optic  modulator 
to  impress  the  analog  signal  onto  the  optical 
pulse  train.  After  photodetection,  the  received 
signal  due  to  the  modulated  pulse  train  can  be 
fed,  in  turn,  to  an  electronic  quantizer  for 
digitization.  An  obvious  benefit  that  we  gained 
via  the  incorporation  of  photonics  in  A/D  is  the 
added  capability  to  remote  various  elements  of 
the  ADC.  For  instance,  several  photonic 
samplers  can  be  remoted  from  a  high-resolution 
electronic  quantizer  via  an  ensemble  of  photonic 
links.  This  is  highly  desirable  in  many 
applications  where  the  analog  inputs  to  an  ADC 
are  the  received  signals  of  several  deployed 
antenna  elements.  One  can  also  envisage  the 


employment  of  a  remoted  ultra-stable 
microwave  oscillator  that  would  (i)  drive  a 
mode-locked  laser,  and  (ii)  clock  several 
electronic  ADC  quantizer  via  RF-photonic 
links.  Finally,  the  multi-GHz  sampling  rates 
offered  by  a  stable,  mode-locked  pulse  train 
will  reduce  the  number  of  mixer-stages  that  are 
presently  needed  to  downconvert  high 
frequency  signals  before  digitization. 

In  this  paper,  we  will  report  on  the  ultra¬ 
stable  mode  locking  of  a  fiber  laser  at  the 
frequency  (fj  of  10  GHz,  and  its  application  in 
a  photonic  sampling  experiment.  In  particular, 
we  will  describe  two  different  approaches  for 
characterizing  the  timing  and  amplitude  jitter  of 
our  actively  mode-locked  (ML)  laser.  In  the 
first  technique,  we  measured  the  phase-noise 
(<j>-noise)  of  the  ML  laser  with  the  help  of  a 
microwave  phase-noise  test  set.  In  the  second 
approach,  we  evaluated  the  spectral  densities  of 
its  amplitude  and  timing  jitter  via  a 
characterization  (4)  of  the  “noise-pedestals” 
present  in  the  harmonics  of  the  ML  pulse  train. 
Our  analysis  shows  that  the  stability  of  our  ML 
pulses  will  support  a  photonic  sampling 
accuracy  of  ~1 1-bits  at  10  GSPS.  Finally,  we 
will  report  the  achievement  of  8  spur-free- 
dynamic-range  (SFDR)  bits  at  10  GSPS  in  a 
photonic  A/D  experiment.  The  latter  result 
represents  the  highest  bits  of  resolution  reported 
to  date  for  a  photonic  A/D  experiment 
performed  at  GHz  sampling  rates. 

II.  Evaluation  of  the  Timing  and 
Amplitude  Jitter  in  a  Mode-Locked 
Fiber  Laser 

A  simple  analysis  of  the  sampling  procedure 
shows  that  the  fractional  amplitude  jitter  (aA) 
and  timing  jitter  (a,)  required  to  accomplish  N 
bits  of  resolution  are  given,  respectively,  by  the 
conditions:  aA  <  1/2  ,  and  <  1/(tx2n).  For  a 
sampling  rate  fs,  the  absolute  timing  jitter  (oJt) 
must  satisfy  the  condition  aJt  <  l/(n  fs2N).  We 
first  characterized  the  timing  jitter  of  the  ML 
fiber  laser  by  measuring,  with  the  help  of  a 
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microwave  0-noise  test-set,  the  single-sideband 
phase  noise  [L(f)  in  dBc/Hz]  present  in  the 
detected  optical  pulses.  Our  experimental 
arrangement  is  shown  at  the  inset  to  Fig.  1. 


Fig.  1  Single  sideband  0-noise  of  ML 
fiber  laser  and  its  driving  oscillator. 


During  the  measurement,  the  ML  pulses  were 
typically  3  psec  wide.  Its  corresponding 
spectral  width  was  ~0.8  ran,  giving  us  a  time- 
bandwidth  product  that  was  close  to  the 
transform-limited  product  (for  a  sech2 -pulse)  of 
0.31.  Fig.l  shows  the  result  of  these 
measurements.  As  shown,  the  L(f)  measured 
for  the  ML  fiber  laser  tracked  that  of  its  driving 
oscillator  at  fm  -  10  GHz.  By  performing  an 
integral  for  L(f)  over  our  offset  frequency  range 

of  interest  (AfL=100  Hz  to  AfH=100  kHz),  we 
can  estimate  aJt,  the  timing  jitter  of  the 
picosecond  pulse  train.  Specifically,  we 
obtained,  after  computation  of  the  integral: 

(1) 

an  absolute  timing  jitter  of  aJt  of  -16  fsec,  i.e.  a 
Oj  =  0.016%  for  Tm  -  100  psec,  where 
T  =fm‘. 

Next,  we  applied  the  technique  of  harmonic 
analysis(4),  which  examines  the  noise  pedestals 
present  in  the  detected  harmonics  of  the  ML 
pulse  train  (G(t)).  To  our  knowledge,  this  is  a 
first  report  on  the  application  of  this  technique 
to  ML  lasers  where  fm  >  1  GHz.  Specifically,  if 
g(o))is  the  Fourier  transform  (co  =  2 nf)  of  a 
single  pulse  in  the  periodic  pulse  train  G(t), 
then  the  power  spectrum  SG(c o )  of  G(t)  is  given 
by: 


%(<*>)— 


2rr£(co)|2 

Tm 


X  5(0  -  Mom) +SA((o-Num) 

.N 


+(27iA02Sy(w-Mom)}(2) 

where  (Om  =  (2n)/Tm,  and  N  =  harmonic 
number.  In  the  above  equation,  SA( co)  and 
Sj((£>)  are,  respectively,  the  spectral  densities 
of  the  amplitude  jitter  and  timing  jitter.  When 
we  characterize  the  RF  spectrum  of  the 
detected  harmonics  with  a  microwave  spectrum 
analyzer,  the  above  spectral  densities  are 
integrated  over  the  resolution  bandwidth 
(RBW)  of  the  measurement.  Therefore,  the 
relative  power  between  the  peak  ( Pp(0) )  of  the 
"pedestal"  for  the  Nth  harmonic  and  its  carrier 
(Pc),  the  Nth  harmonic,  is  given  by  the 
following  equation: 

Zjp-  =  RBW-{SA(0)  +  (2nN)2Sjm  (3) 

From  Eq.3,  we  notice  that  the  power  (relative 
to  its  carrier)  for  the  pedestal  of  the  Nth 
harmonic  consists  of  two  components:  (i)  a 
component  [due  to  the  amplitude  jitter  (SA(w) )] 
that  is  invariant  with  the  harmonic  number  N, 
and  (ii)  a  second  component  [due  to  the  timing 
jitter  (5j(co))]  that  varies  as  the  square  of  N. 
Hence,  the  slope  obtained  from  a  plot  of 
( Pp(0)/Pc )  vs  N2  gives  us  an  estimation  of 
Sj(0).  The  square  of  the  fractional  timing  jitter, 
Oj2,  can  be  calculated  from  the  product  Sj(0)  x 
(FWHM  of  the  pedestals).  Finally,  we  can 
evaluate  SA(0)  from  the  noise  spectrum 
measured  at  low  frequencies  (N=0).  Fig.  2 
shows  the  RF  spectrum  measured  for  the  first 
four  harmonics  of  our  ML  laser  (fm  =  10.2 
GHz). 

We  evaluated  the  ratio  (Pp(0)/Pc)  from 

these  data,  and  plotted  them  (in  dBc/Hz)  vs  the 
harmonic  number  N  in  Fig. 3.  From  the  Sj(0) 
evaluated,  we  obtained  a  fractional  timing  jitter 
of  cjj  -  10'4,  which  was  slightly  lower  than  the 
measurement  obtained  from  the  0-noise  test  set. 
Finally,  the  corresponding  ratio  for  the 
amplitude  jitter  was  evaluated  from  the  low 
frequency  noise  spectrum,  and  marked  as  the 
amplitude  noise  floor  in  Fig.  3.  The  integration 
of  this  noise  spectrum  gave  a  value  of  oA  = 
0.058%  for  die  fractional  amplitude  jitter. 
Using  the  criteria  given  at  the  beginning  of  this 
section,  we  estimate  that  the  above  ML  pulse 
train  will  support  -11  bits  of  resolution  in  a 
photonic  sampling  experiment. 
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Fig.  2  RF  spectrum  of  the  first  four  harmonics  for  fm=10.2  GHz. 


III.  Photonic  Analog-to-Digital 
Conversion  at  10  GSPS 

Using  the  above  ML  laser,  we  performed  a 
photonic  sampling  experiment  (see  Fig.  4) 
where  we  fed  a  modulated  pulse  train  to  a 
commercial  digitizer.  In  particular,  the  ML 
pulses  were  modulated  by  a  2.49  GHz  analog 
input.  The  ADC  used  in  our  digitizer  was 
specified  to  possess  8  bits  of  resolution  at  fs  = 
10.0  GSPS.  During  the  experiment,  the  laser 
was  mode-locked  at  fm  =  10.0  GHz,  putting  it 
in  synchronism  with  the  digitizer.  Since  the 
A/D  accuracy  of  our  experiment  was  limited  by 
the  digitizer,  we  mode-locked  the  fiber  laser 
with  a  more  versatile  synthesizer  that  offered 
~8-9  bits  of  amplitude  and  timing  stability. 


Fig.  4  Schematic  of  photonic  sampling  at  10  GSPS  with  ML  laser. 


ORDER  OF  HARMONIC  (N) 


Fig.  3  Relative  pedestal  power  (in 
dBc/Hz)  vs  harmonic  order. 
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By  taking  a  fast  Fourier  transform  (FFT)  of  the 
sampled  data  points  in  the  digitizer,  we  can 
estimate  the  number  of  SFDR  bits  achieved  in 
our  photonic  A/D  experiment.  To  be  specific, 
the  effective  number  of  bits  associated  with  a 
measured  SFDR  is  given(3)  by:  SFDR-bits  = 
SFDR  (dBc)  /  6.02.  In  the  above  expression, 
the  SFDR  (obtained  via  FFT)  is  defined  as  the 
ratio  of  the  single-tone  signal  power  to  the 


highest  spur  (within  the  RF-spectrum  of 
interest).  We  show,  in  Fig.  5a,  the  FFT  of  the 
analog  input  to  the  LiNb03  Mach-Zehnder 
(MZ)  modulator.  As  shown,  we  obtained  a 
SFDR  of  ~  50  dB  (at  10  GSPS),  which 
corresponded  to  ~  8  SFDR-bits.  Next,  we 
show  in  Fig.  5b,  the  FFT  of  the  photonically 
sampled  signal  after  it  was  digitized  by  the 
same  ADC  at  10  GSPS. 


a.  FFT  of  ANALOG  INPUT 

TO  MZ  MODULATOR: 


b.  FFT  OF  SIGNAL  OBTAINED 
AFTER  PHOTONIC  SAMPLING: 


FREQUENCY  (GHz) 


Fig.  5a  FFT  of  analog  input  to  MZ  modulator 
5b.  FFT  of  photonically  sampled  signal 


Again,  we  obtained  a  signal  (at  2.49  GHz) 
with  a  SFDR  of  ~50  dB.  Hence,  we  have 
demonstrated  that  the  photonic  frontend  of  our 
sampling  experiment  possessed  at  least  8 
SFDR-bits  of  resolution  (over  the  Nyquist 
band  of  5  GHz). 

IV.  Conclusions 

In  summary,  we  have  characterized  the 
amplitude  and  timing  jitters  of  a  ML  Er-fiber 
laser  (at  fm  ~  10  GHz)  via  two  approaches.  We 
obtained  amplitude  (cta)  and  timing  (a3)  jitter 
values  of  0.058%  and  0.016%  respectively. 
These  jitter  values  correspond  to  some(5)  of  the 
lowest  reported  for  ML  lasers,  and  will  enable 
us  to  achieve  ~11  bits  of  resolution  in  a 
photonic  sampling  experiment.  Finally,  we 
demonstrated,  for  the  first  time,  a  10  GSPS 
photonic  ADC  that  has  a  resolution  of  8  SFDR 
bits  -  a  resolution  limit  set  primarily  by  the 
electronic  quantizer  used. 

This  work  is  supported  by  Defense 
Advanced  Research  Projects  Agency  and  the 
Air  Force  Research  Laboratory,  Sensors 
Directorate  (Rome  Research  Site). 
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Abstract 

The  performance  of  a  hybrid  amplifier 
composed  of  Erbium  doped  fiber  and  a 
Brillouin  amplifier  was  investigated 
experimentally.  The  relative  intensity  noise  of 
the  amplifier  was  characterized  and  compared 
to  the  output  noise  of  a  shot-noise-limited  link. 
Shot-noise  limited  performance  was  achieved 
within  the  500  MHz  to  8  GHz  frequency  band. 
In  addition,  low  frequency  <500  MHz  burst 
noise  was  reduced  by  utilizing  a  phase- 
modulated  signal  beam  in  the  Brillouin 
amplification  process. 

1.  Introduction 

The  low  loss  and  wide  bandwidth  of 
microwave  photonic  links  make  them  valuable 
tools  for  remoting  antennas.  The  photonic 
links  between  antennas  and  control  stations 
can  be  used  to  remote  local  oscillator  signals 
or  to  relay  RF  signals  from  the  antenna  to  a 
centralized  location.  However,  due  to  the 
complexity  of  the  signals  received  by  modem 
antennas,  it  has  become  important  not  only  to 
efficiently  relay  information,  but  also  to 
process  the  signals  at  the  same  time.  For 
example,  the  need  for  bandwidth  compression 


and  frequency  translation  has  led  to  the 
expanded  use  of  analog  fiber-optic  links  [1-8] 
which  convert  RF  information  into  a  more 
manageable  intermediate  frequency 
bandwidth[5-9].  Processing  RF  signals  within 
a  photonic  link  reduces  the  requirements  on 
the  RF  electronics  and  as  a  result  decreases  the 
processing  time  in  many  applications. 

Though  analog  photonic  links  may  be 
used  as  signal  processing  tools,  the  complexity 
of  received  RF  signals  combined  with  the 
dynamic  range  requirements  of  modem 
antennas  strain  the  noise  figure  requirements 
of  photonic  links.  For  example,  a  typical 
photonic  link  composed  of  a  30  mW  DFB 
laser,  a  5  Volt  Vn  Mach-Zehnder  Modulator, 
and  an  appropriate  photodetector,  will  have  an 
RF  noise  figure  of  greater  than  30  dB  (no 
microwave  preamp).  The  situation  is 
aggravated  when  laser  sources  with  high 
relative  intensity  noise  are  used  in  the  link. 
Higher  shot-noise-limited  photocurrents 
reduce  the  noise  figure.  Erbium  doped  fiber 
amplifiers  (EDFA)  can  increase  laser  power; 
however,  signal-spontaneous  beat  noise  and 
excess  noise  from  the  amplifier  actually 
degrades  the  link  noise  performance.  This 


Figure  1 .  Experimental  Configuration 
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limits  the  usefulness  of  EDFAs  for 
overcoming  excessive  losses  and  for 
distribution  purposes.  As  a  result,  achieving 
the  high  shot-noise  limited  photocurrent  and 
the  noise  figure  necessary  for  all  optical  signal 
processing  requires  the  use  of  expensive,  high- 
power  solid  state  lasers.  Thus,  the 
development  of  inexpensive  shot-noise  limited 
sources,  or  amplifiers  is  essential  to  the 
widespread  use  of  photonic  links. 

In  this  paper,  we  attack  this  noise 
problem  by  combining  the  wide  gain 
bandwidth  and  low  cost  of  an  EDFA,  with  the 
relatively  narrow  gain  bandwidth  of  a 
Brillouin  amplifier.  Considerable  research  has 
been  done  on  both  of  these  amplifiers 
[9,10,11]  independently,  we  wish  to  combine 
the  positive  features  of  each  in  order  to 
achieve  a  relatively  inexpensive  light  source 
for  analog  photonic  links.  The  system 
operation,  the  results  of  our  tests,  and  a 
discussion  of  needed  improvements  are 
reported. 

II.  System  Configuration 

A  diagram  of  the  hybrid 
EDFA/Brillouin  amplifier  is  contained  within 
the  dashed  box  in  Figure  1.  The  system 
consists  of  an  EDFA,  a  fiber-optic  circulator,  a 
phase  modulator,  25-km  of  single  mode  fiber 
(SMF-28),  and  a  3  dB  coupler.  Light 
emanating  from  the  30  mW  DFB  is  divided 
into  two  paths  with  a  polarization-maintaining 


(PM)  coupler.  Light  in  one  path  is  amplified 
by  the  EDFA,  passed  through  an  optical 
circulator  and  sent  into  one  end  of  a  25-km 
spool  of  single-mode  fiber  (SMF-28)  to  pump 
the  Brillouin  acoustic  wave.  The  200  mW 
output  from  the  EDFA  is  well  above  the  1 .4 
mW  Brillouin  threshold  for  a  25-km  spool  of 
SMF-28  at  a  wavelength  of  1556  nm.  Light 
following  the  second  optical  path  enters  a 
Lithium-Niobate  phase  modulator  (Vn=  5.6- 
V).  The  light  is  phase-modulated  at  the 
Brillouin  frequency,  which  is  10.8  GHz  for  the 
combination  of  SMF-28  fiber  and  1556  nm 
light.  The  phase-modulated  light  is  used  as  a 
signal  input  (6mW)  to  the  Brillouin  Amplifier. 
The  combined  effect  of  the  two  paths  is  that 
light  from  the  EDFA  (pump)  generates  an 
acoustic  wave  which  creates  a  scattered  light 
wave  (Stokes).  The  scattered  light  amplifies 
the  signal  beam  entering  from  the  opposite  end 
of  the  fiber  spool.  The  amplified  light  passes 
through  the  circulator  and  is  detected  by  a 
photodetector. 

In  order  to  compare  the  performance  of 
the  hybrid  amplifier  link  to  typical  photonic 
links,  we  performed  measurements  on  three 
separate  photonic  systems.  The  first  link 
consists  of  the  hybrid  amplifier  described 
above  with  a  DFB  laser  as  a  pump  and  a 
photodetector  attached  to  the  output  of  the 
hybrid  amplifier.  In  the  second  link,  the 
hybrid  amplifier  was  replaced  with  the  single 
200  mW  EDFA.  The  third  link  used  a  low- 
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noise  Nd:YAG  laser  (1.319  m,  RIN<-165 
dB/Hz).  Links  utilizing  this  laser  have  shown 
shot-noise  limited  performance  above  100 
MHz  for  photocurrents  in  excess  of  10mA. 

The  third  link  will  be  used  as  a  shot-noise 
limited  reference  throughout  the  analyses  in 
this  paper. 

III.  Results  and  Discussion 

Figure  2  shows  the  output  noise  power 
of  the  hybrid  amplifier  and  the  EDFA 
amplified  links  relative  to  the  Nd:YAG  laser 
link.  Recall  that  for  frequencies  above 
100MHz  the  ND:YAG  laser  (1.319  m,  RIN  < 
-165  dB/Hz)  link  exhibits  shot-noise  limited 
performance.  At  a  photocurrent  of  10  mA  the 
EDFA  amplified  link  was  more  than  10  dB 
above  the  shot-noise  limit.  As  shown  in 
Figure  2,  adding  a  3dB  coupler  prior  to  the 
EDFA,  a  circulator,  a  phase-modulator,  and  25 
km  of  SMF-28  to  form  the  Brillouin/EDFA 
hybrid  caused  a  decrease  in  the  noise  of  the 
link.  Shot-noise  limited  performance  was 
achieved  between  0.5  and  8  GHz.  The  noise 
reduction  is  due  to  the  narrow  gain  bandwidth 
(<20  MHz)  of  Brillouin  amplification.  As  a 
result,  a  portion  of  the  spontaneous  emission 
from  the  EDFA  was  filtered  out  of  the  optical 
beam  by  the  Stokes  wave.  The  reduced 
amplified  spontaneous  emission  noise  for 
frequencies  greater  than  500  MHz  from  the 
carrier  decreases  signal-spontaneous  beat 
noise  at  the  detector.  This  is  a  significant 
improvement  over  the  noise  performance  of 
the  EDFA  amplified  link. 

We  also  examined  the  effect  of  the 
added  phase  modulator  versus  no  modulation 
signal  in  the  hybrid  amplifier.  Figure  3  shows 
that  injecting  a  phase  modulated  signal  beam 
into  the  Brillouin  amplifier  section  of  the 
hybrid  amplifier  caused  an  overall  reduction  in 
the  noise  of  the  amplifier  for  frequencies 
below  500  MHz. 

In  addition  to  the  noise  reduction 
below  500  MHz,  the  system  also  showed  a 
reduction  in  the  burst  noise  caused  by  the 
Brillouin  amplifier.  Large  variations  in  the 
output  noise  of  the  photonic  link  were 
observed  below  500  MHz  when  no  RF  power 
was  applied  to  the  phase  modulator.  Trace  to 


trace  noise  measurements  viewed  on  the 
spectrum  analyzer  exhibited  more  than  10  dB 
variation.  However,  when  a  the  RF  power  was 
turned  on  (+30  dBm,  10.82  GHz)  the  burst 
noise  was  all  but  eliminated,  the  noise  level 
below  500  MHz  decreased,  and  the  trace  to 
trace  variation  in  the  analyzed  spectrum  was 
eliminated. 


Figure  3.  Noise  Power  with  and  without  Phase 
Modulation. 

To  further  test  the  noise  reduction  we 
connected  a  d.c.  coupled  photodetector  to  the 
output  of  the  link  and  monitored  the  output 
with  and  without  phase  modulation.  Figure  4 
shows  the  power  output  of  the  d.c.  coupled 
photodetector  versus  time.  The  d.c.  output 
became  more  stable  with  phase  modulation  of 
the  Brillouin  signal  beam.  The  increased 
stability  indicates  that  inserting  a  phase- 
modulated  signal  into  the  Brillouin  amplifier 
improves  the  overall  performance  of  the  link. 

IV.  Conclusion 

We  have  presented  a  new  method  of 
achieving  shot-noise  limited  performance  at 
high  currents  from  a  0.5  to  8  GHz  analog 
photonic  link  without  having  to  resort  to 
expensive  solid-state  lasers.  In  our  future 
research,  we  will  continue  to  examine  the 
effect  of  phase  modulation  in  our  amplifier.  In 
addition,  we  will  investigate  the  use  of 
feedback  to  eliminate  the  need  for  the  phase 
modulator. 

This  work  was  supported  by  the  Office 
of  Naval  Research. 
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Time  (pis) 

Figure  4.  DC  Coupled  Stability. 
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Abstract:  This  paper  concerns  an  optically  generated 
rapidly  tunable  millimeter  wave  source.  The  millimeter 
wave  signal  is  generated  by  beating  the  output  of  two 
Nd:YV04  /  MgO:LiNbC>3  single  mode  microchip  laser 
sections  realized  monolithically  in  a  single  composite 
crystal.  The  device  can  be  tuned  from  DC  to  100  GHz. 
The  measured  tuning  sensitivity  is  8.8MHz/Volt,  and 
the  tuning  rate  is  over  10  THz/sec. 

Introduction 

Numerous  applications  like  frequency 
chirped  lidar-radar,  radio  over  fiber  and 
biomedical  imaging,  require  optical 
transmitters  that  can  generate  rapidly  tunable 
millimeter  wave  sub-carriers.  Specifically,  for 
accurate  range  measurements  in  underwater 
detection  or  biomedical  probing  of  tissues  [1], 
a  rapidly  tunable  optical  source  is  required. 
Semiconductor  laser  diodes  can  be  tuned 
rapidly,  but  their  performance  is  limited  due  to 
their  inherently  high  noise.  Compact,  efficient 
solid-state  microchip  lasers,  with  high  spectral 
quality,  show  great  potential  as  optical 
transmitters  for  these  applications.  Optical 
heterodyning  of  two  ring-oscillators  for 
millimeter-wave  generation  has  been  reported 
[2].  However,  these  approaches  employ 
thermal  or  PZT  tuning,  which  are  essentially 
very  slow  processes.  To  overcome  this 
problem,  a  monolithic  microchip  laser  system, 
with  electro-optical  tenability,  was  fabricated. 


medium,  and  a  1.2  mm  MgO:LiNb03  crystal, 
which  is  the  tuning  section.  The  two  side-by- 
side  lasers  are  pumped  by  an  808nm  high 
power  laser  diode  source.  Electrodes  are 
deposited  on  the  top  and  the  bottom  of  the  1.2 
mm  MgO:LiNb03  tuning  section.  The  outputs 
of  the  two  single  mode  lasers  are  combined, 
coupled  into  a  single  mode  fiber  and 
transmitted  to  a  high-speed  optical  detector. 
By  applying  an  electrical  field  to  one  of  the 
lasers,  its  refractive  index  is  modulated,  which 
shifts  its  lasing  wavelength  resulting  in  a 
variable  millimeter  wave  signal.  In  this 
heterodyned  arrangement,  the  difference  in  the 
optical  wavelengths,  AA,opt,  gives  rise  to  the 
millimeter  wave  beat  frequency,  firnn—C 
A^optAopt2-  The  monolithic  configuration  gives 
the  device  simplicity,  compactness,  stability, 
and  reduced  sensitivity  to  external  temperature 
fluctuations.  The  actual  device,  mounted  on  a 
brass  fixture,  is  depicted  in  Fig.2. 


Laser  design  and  characterization 

The  basic  microchip  configuration  studied 
is  depicted  in  Fig.l.  Two  identical  optical 
cavities  are  formed  by  depositing  dielectric 
mirrors  on  opposite  ends  of  a  single  Nd:YVC>4 
/MgO:LiNb03  crystal  assembly.  This 
configuration  is  comprised  of  a  0.3mm  long 
Nd:YV04  crystal,  which  serves  as  the  gain 


Fig.  1 .  The  microchip  laser  structure. 

Key  parameters  of  the  tunable  microchip 
laser  are  summarized  in  Table  1.  Single  mode 
lasing  is  assured  by  positioning  the  short  gain 
section  very  close  to  the  reflecting  mirror, 
which  greatly  reduce  spatial  hole  burning  [3]. 
Simulation,  supported  by  experimental 
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validation,  reveals  that  the  microchip  laser 
operates  in  single  mode  regime  even  when  the 
pump  power  is  raised  threefold  above  the  laser 
threshold.  The  measured  laser  output  power 
vs.  pump  power  characteristic  is  depicted  in 
Fig.  3.  The  threshold  pump  power  is  found  to 
be  160mW,  and  the  overall  efficiency  at 
250mw  pump  power,  where  most  of  the 
measurements  were  taken,  is  approximately 
12%. 


Fig.  2.  Picture  of  the  heterodyne  transmitter. 


r 

fable  1.  Key  laser  parameters. 

Symbols 

Definition 

Values 

T 

Output  coupling 

0.02 

L 

Round  trip  Loss 

0.0016 

A 

Pump  beam  cross  section 

0.045  mm'2 

_ hcff 

Overall  efficient 

0.36 

_ L _ 

Saturation  power  density 

1.275xl07  w/m2 

The  frequency  shift  of  the  laser  output  as  a 
function  of  temperature  is  shown  in  Fig.  4. 
From  this  measurement  we  determined  that 
temperature  sensitivity  is  about  4GHz/°C. 
Considering  the  monolithic  configuration  of 
the  device,  it  is  expected  that  two  laser 
sections  are  at  the  same  temperature,  and 
temperature  drift  will  affect  both  sections 
similarly.  Theoretical  analysis  shows  that  if  we 
set  the  beat  signal  to  100  GHz,  a  simultaneous 
temperature  drift  of  the  two  lasers  will  produce 
a  frequency  shift  of  1.33  MHz  /°C,  which  is 
acceptable  for  most  applications.  Thus  the 
realization  of  two  laser  sections  in  a  single 
crystal  assembly  dramatically  improves  the 
temperature  stability. 

By  varying  pump  current,  the  crystal 
temperature  or  the  applied  electric  field  the 
beat  frequency  can  be  tuned  from  DC  to  100 


GHz.  The  optical  spectrum  of  the  two  laser 
outputs  is  depicted  in  Fig.  5.  To  obtain  this 
spectrum  first  the  two  lasers  were  adjusted  so 
that  their  lasing  frequencies  were  identical, 
then  one  of  the  lasers  was  tuned  until  the  peak 
optical  powers  of  the  two  lasers  were  0.3  nm 
apart,  which  corresponds  to  a  90  GHz  beat 
frequency. 
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Pump  power  input  in  mW 

Fig.  3  The  laser  output  power  characteristics.  The 
measured  threshold  pump  power  is  160mW. 


Optical  frequency  temperature  sensitivity  study 


Fig.  4.  Optical  frequency  temperature  sensitivity.  The 
optical  frequency  at  12°C  is  used  as  reference. 

Chirped  heterodyne  transmitter 

The  experimental  setup  for  the 
characterization  of  the  chirped  heterodyne 
transmitter  is  shown  in  Fig.  6.  To  generate  a 
chirped  signal,  an  electrical  ramp  voltage 
signal  is  applied  to  one  of  the  two  lasers.  Since 
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the  applied  electrical  field  shifts  the  optical 
frequency  of  the  laser,  a  chirped  beat 
frequency  is  generated  in  the  detector. 


Fig.  5  Optical  spectrum  of  the  combined  laser  outputs. 
The  wavelength  separation  is  0.3  nm. 


Fig.  6  The  transmitter  and  measurement  block  diagram. 

Although  the  monolithic  laser  structure 
provides  for  stability,  fluctuations  of  the  pump 
power  can  result  in  noise  in  the  beat 
frequency.  To  stabilize  the  signal  a  feedback 
scheme  using  a  microwave  homodyne 
discriminator  was  introduced,  which  is  also 
used  to  recover  the  chirped  signal.  A  low  pass 
filter  with  stop  band  of  500  Hz  is  used  to 
separate  the  slow,  randomly  drifting  frequency 
terms  from  the  fast  voltage  induced  FM  terms. 
In  this  scheme,  the  feedback  only  tracks  the 
low  frequency  drifting,  and  has  not  effect  on 
the  fast  voltage  tuning  process. 

The  transmitter  was  tested  with  the  beat 
frequency  ranging  from  7  to  10  GHz.  Fig.  7 
shows  the  microwave  spectrum  with  beat 


frequency  at  7.889GHz.  The  electrical  tuning 
sensitivity  of  the  transmitter  was  characterized 
by  subjecting  it  to  a  series  of  ramp  signals  with 
a  repetition  rate  of  lOKHz,  and  variable  peak- 
peak  voltage,  while  recording  the 
discriminator  output.  The  result,  shown  in  Fig. 
8,  indicates  a  sensitivity  of  8.8MHz/volt. 

fa  mkr-tbk  7.aas22  ehi 


Fig.  7  Microwave  spectrum  of  the  beat  frequency. 


Fig.  8  Transmitter  voltage  tuning  sensitivity. 

For  the  chirping  measurement  a  1MHz 
10  Volt  peak-peak  ramp  signal  was  applied  to 
one  of  the  lasers.  The  recovered  frequency 
chirp  (top),  as  well  as  the  applied  ramp  signal 
(bottom)  were  captured  by  a  sampling 
oscilloscope,  as  shown  in  Fig.  9.  A  frequency 
sweep  of  88.9  MHz  over  0.5  |xs  time  period 
was  obtained,  which  corresponds  to  a 
177.8GHz/ms  tuning  rate. 
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[3]  J.  J.  Zayhowski,  “The  effects  of  Spatial 
Hole  Burning  and  Energy  Diffusion  on 
the  Single-Mode  Operation  of  Standing- 
wave  Lasers”,  IEEE  Journal  of  Quantum 
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2057. 


Fig.  9.  Applied  ramp  signal  (bottom)  and  the  frequency 
response  (top). 


Conclusions 

A  tunable  high-speed  optical  transmitter 
was  designed,  fabricated  and  characterized. 
The  transmitter  consists  of  two  microchip 
lasers  co-located  on  the  same  crystal  assembly. 
The  outputs  of  the  two  lasers  are  heterodyned 
to  produce  a  tunable  millimeter  wave  signal. 
The  composite  cavity  design  provides  single 
mode  operation,  while  maintaining  excellent 
efficiency.  The  monolithic  configuration  of 
realizing  two  lasers  within  a  single  microchip 
crystal  makes  the  transmitter  more  tolerant  to 
environmental  fluctuations.  A  novel  frequency 
stabilization  scheme  was  introduced.  The 
measured  tuning  sensitivity  is  8.8MHz/Volt 
and  the  tuning  rate  is  10  THz/sec.  This  tunable 
optical  transmitter  provides  can  be  utilized  in 
chirped  lidar-radar,  radio  over  fiber  and 
biomedical  imaging  applications. 
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